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V pričujoči disertaciji so opisane raziskave prevlek za sprejemnike koncentratorskih 
sončnih elektrarn (CSP) z namenom povečati njihovo učinkovitost pretvorbe sončne 
energije v toploto in podaljšati njihovo življenjsko dobo. V prevlekah za CSP 
sprejemnike se uporablja spinelni pigment črne barve z visoko absorptivnostjo 
sončnega sevanja. Komercialnemu spinelnemu pigmentu so bili dodani kovinski ioni 
in s sintezo v trdnem stanju so bile pridobljene nove sestave pigmentov. Z dopiranjem 
pigmenta je bilo doseženo znižanje termične emisije (εT) in ob ne-znižani sončni 
absorptivnosti (αS) povišan termični izkoristek CSP sprejemnika. Pripravljene 
prevleke so bile termično starane 1300 ur pri 800 °C na zraku in na vmesnih 
enakomernih časovnih intervalih so bile izmerjene optične lastnosti. Izjemni rezultati 
so bili doseženi pri prevlekah, v katerih je bil pigment dopiran s Cr. Izvedeno je bilo 
testiranje zanesljivosti prevleke za oceno servisne dobe prevleke z visoko 
absorptivnostjo sončnega sevanja (HSA) v pogojih, ki simulirajo tiste v industriji. Za 
izboljšanje korozijske odpornosti CSP sprejemnika pri visoki temperaturi in hkrati 
ohranjanje nizke toplotne emisije prevleke, so bile z Langmuir-Blodgett (LB) tehniko 
pripravljene ultra tanke (1-3 nm) mono-, di- in triplasti hibridnih organsko-
anorganskih poliedričnih oligomernih silseskvioksanov (POSS).  Po sol-gel postopku 
so bile izdelane termične zaporne plasti iz Al2O3 z nizko εT, na katere smo nanesli 
HSA prevleke na osnovi anorganskega veziva SiO2. Prevleke iz aluminijevega 
dioksida  so bile tudi lasersko utrjene, kar je povečalo njihovo termično stabilnost. Za 
izboljšanje funkcionalnosti prevlek so bili pri pripravi le-teh uporabljeni novi 2D 
materiali kot so MXene. 
Ključne besede: koncentratorske sončne elektrarne, spektralno selektivne prevleke, 
zmanjšana toplotna emisija, spinelni pigment, difuzija kovinskih ionov 
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This thesis describes research on coatings for concentrated solar power (CSP) 
receivers, conducted to increase their efficiency for solar-to-thermal energy 
conversion and prolong their service lives. The coatings for CSP receivers include a 
black spinel pigment with a high absorptance for sunlight. With aim to develop 
pigments with an even higher solar absorptance (αS), metal ions were added to the 
commercial pigment and, using solid-state synthesis, new compositions were formed. 
The pigment doping resulted in a reduction of the thermal emissivity (εT) and 
therefore the efficiency of the receiver increased. The prepared coatings were 
thermally aged for 1300 hours at 800 °C in air, and the characterization was 
performed at uniform time intervals. Excellent results were obtained with the coatings 
made from the Cr-doped pigment.  
Coating-reliability testing was conducted to evaluate the service life of the high 
solar absorptive (HSA) coating under conditions simulating those in industry. To 
improve the corrosion resistance of the CSP receiver at high temperature, while 
maintaining the low thermal emission of the coating, ultra-thin (1–3 nm) mono-, di- 
and trilayers of hybrid organic-inorganic polyhedral oligomer silsesquioxanes (POSS) 
were prepared with the Langmuir-Blodgett (LB) technique.  
Alumina thermal barrier coatings with a low εT were fabricated using the sol-gel 
process and HSA coatings on the basis of a SiO2 inorganic binder were deposited on 
them. Alumina coatings were also laser-cured, which increased their thermal stability. 
New, two-dimensional materials such as MXenes were used in the preparation of the 
coatings to improve their functionality. 
Keywords: concentrated solar power, spectrally selective coatings, reduced thermal 
emittance, spinel pigment, metal ion diffusion 
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1.1 A concentrated solar power plant with a tower receiver 
The constantly increasing global electricity consumption and its unsustainable, 
polluting and global-warming-related conventional production is forcing the search 
for new, sustainable and clean electricity-generation technologies.
1
 As the most 
abundant and cleanest source of energy on earth is solar radiation, research related to 
solar and its efficient concentration, conversion and storage is well founded.
2
 The 
total solar energy received each year on the surface of the Earth is 3,400,000 EJ, 
which is 7,000 times more than global primary-energy consumption in 2016.3 To use 
this vast amount of available energy economically, the efficiency of the solar-energy 
concentration and transformation to thermal, mechanical and electrical energy and the 
storage of energy are essential. The two main types of solar-energy transformation 
power plants are based on solar thermal (ST) and photovoltaic (PV) technology, but 




Figure 1. Ivanpah CSP-TR plant with three tower receivers located in the Nevada 
desert, California, USA. It has 377 MWnet output electrical power, providing energy 








ST plants  use concentrated solar power (CSP) to increase the energy input in 
the receiver and are further divided into four main types: tower receiver (TR) (Figure 
1), parabolic trough (PT), linear Fresnel (LF) and parabolic dish (PD) technologies.6,7 
CSP plants are built in areas with a high intensity (“Solar belt”) of solar radiation 
(Global Horizontal Irradiance, GHI) and operate by highly reflective surfaces such as 
mirrors, that make it possible to concentrate the solar radiation up to an intensity of 
4000 suns on the receiver surface,8 where the solar energy is converted into thermal 
energy due to the absorption and relaxation process. CSP-TR plants (Figure 1) have a 
large field of heliostats (mirrors) equipped with a two-axis sun-tracking system to 




Figure 2. Extraterrestrial (red) and sea-level (blue) solar irradiance spectrum (ASTM 




The absorbed energy is converted to heat and transferred to a power block using 
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produce electricity. The additional absorbed energy can also be stored in storage 
tanks, or used as process heat in industry and agriculture.  
Solar energy or solar radiation is electromagnetic radiation, which consists of 
ultraviolet, visible and infrared parts (Figure 2). The amount of solar power that 
comes from the Sun to the Earth is measured on a flat plane perpendicular to the sun’s 
rays as the direct normal irradiance (DNI), which represents the flux density in W/m2. 
 
Figure 3. Global map of direct normal irradiation from SolarGIS.
11
 
The DNI outside of the atmosphere is called the solar constant, with a value of 1367 
W/m
2
, which is the result of the integral of the red graph (Figure 2) with a wavelength 
range from 280 nm to 2500 nm.
10,12
  Due to absorption, reflection and scattering by 
molecules of water, CO2 and O2 in atmosphere, the maximum value of DNI on the 
Earth’s surface is taken as 1000 W/m
2
, although it varies significantly with 
location.
13–15
 The scattered part of the solar radiation that reaches the Earth’s surface 
is known as diffuse radiation and cannot be used for CSP.
16
 Measured long-term daily 
and yearly average DNI data maps in units of kWh/m
2
 for all continents are shown in 
Figure 3. Further additional information for the individual countries are available 
online at the SolarGIS website.
11
 Depending on the DNI and energy demands, the 
construction plans for ST plants were made worldwide in the past. Therefore, the 
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history of worldwide CSP-TR and CSP-PT and spectrally selective coating projects 
are presented in the next chapter.   
1.2 Literature review 
1.2.1 Parabolic trough projects 
The most significant activity in the construction of CSP plants happened after 2010, 
but the beginning of CSP collector design goes back 150 years.  Engineer John 
Ericsson designed one of the first parabolic trough collectors in 1870. After that, the 
development was slow, and in the 1980s there were six commercial PT collectors 
available on the market: five made in the US and one in Israel. The US receiver 
design used a black-chrome-coated carbon steel tube in a vacuum encased by glass, 
reaching 94% absorptance.
17
 Later, the LS3 collector was developed by Luz, with a 
new, cermet coating with improved solar absorptance up to 96 %. Such a collector is 
also claimed to be spectrally selective. In 1998, European companies formed a 
consortium to develop the EuroTrough collector, which is shown in Figure 4a) on-site 
in Almeria, Spain. EuroTrough improved the Luz receiver tube, reporting a final 
value of the thermal emittance as low as 14 % and a thermal stability up to 400 °C.  
 
  
Figure 4. EuroTrough collector in Almeria, Spain
18










1.2.2 Tower receiver projects 
In contrast to PT collectors, power tower design with a central receiver and many 
heliostats (mirrors) tracking the sun makes it possible to reach much higher receiver 
temperatures and thus a higher energy-conversion efficiency. Russian professor 
Victor Baum reported such a design as an alternative to PT in 1957, but due to no 
funds, there was no prototype.
13
 The same year, a 1-MWt solar furnace with 63 flat 
heliostats, with surface areas of 45 m
2 
each, placed in a parabola shape to reach a peak 
flux density of 13,500 suns was built by F. Trombe in Odellio, France (Figure 4b). 
The heliostats used for this furnace are still represented in industry today. Another, 
130-kWt prototype with 1-m-diameter focused mirrors for producing high-
temperature steam was reported by Francia, 1968; and built the same year in Italy.
20
 
In the 1980s several pilot plants and test facilities were made in Europe, USA, USSR 
and Israel. Experiences, gained through years of operation, showed that the selection 
of materials and products for components was critical, since many of them were 
designed to last only up to a thousand thermal stress cycles, which is enough for only 
one or two years of operation. 
Today there are numerous central tower receiver projects ongoing worldwide and 









Table 1. Overview of CSP power tower projects worldwide, with ≥ 100 MWnet plants 





































Chile 110 2020 -/565 Molten Salt 17.5 
Copiapó Copiapó Chile 260 
2019 






































100 Under Development - Molten Salt 8 
Golmud Golmud China 200 
Under 
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South Africa 100 
2018 
(planned) 288/566 Molten salt 12 
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1.3 Tower receiver materials 
CSP plants require the usage of receiver materials, that can endure high operating 
temperatures, thermal shocks, oxidative and corrosive environments and abrasion 
during their 30-year operating time.
22
 Nowadays, CSP plants’ solar receiver pipes are 
made of different high-temperature stable alloys, e.g., Alloy 617, Alloy 625, Haynes 
230, Haynes 282, Inconel 740/740H and HR6. These materials do not have a high 
intrinsic αS. Therefore, they have to be coated with a high solar absorptive (HSA) 
black coating (not spectrally selective) or even better with a spectrally selective 
coating (SSC), to be efficient in the energy transformation, which will be the topic of 
the next chapter.  
For a tower receiver system, concentrated solar radiation is directed to a central 
receiver, with the concentration factor C reaching as high as 2000 suns. Such energy 
can heat the receiver to temperatures of 1100 °C.
23
 Metal alloy receiver pipes exposed 
to such a high thermal load in air form different metal oxide layers on the surface. 
Some of the oxide layers lead to the deterioration of the coating and consequently 
lower the solar power plant’s efficiency. At a high receiver temperature, metal in 
contact with oxygen ions forms an oxide layer on the surface. Furthermore, the oxide 
layer and substrate elements can diffuse into the pigment particles’ structure, 
changing their structure, causing the segregation of the oxide phases and a decrease in 
the solar absorption. The ability of atoms and ions to diffuse is related to the 
temperature or activation enthalpy of the diffusion for the present atoms and ions. The 
rate of the atom or ion movement increases exponentially with increasing temperature 
or thermal energy.  
To lower the costs of CSP plants and electricity, fewer noble receiver materials, 
such as T22 or T91 steel, were used for the receiver parts with lower operating 
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temperatures in the past (Ivanpah CSP plant). The chemical composition for some of 
the steels and alloys used for CSP receivers are presented in Table 2. Unlike steels, 
where a major element is iron, superalloys are based on elements like nickel, 
chromium, molybdenum and cobalt (Inconel 617).  
Table 2. Chemical composition of CSP-TR receiver materials, where the major 










Fe 95.0-96.9 87.3-89.4 3 max. 3.0 max. 5 max. 
C 0.05-0.15 0.07-0.14 0.1 0.05-0.15 0.10 
Si  0.5 max. 0.2-0.5 0.4 1.0 max. 0.50 max. 
Mn 0.3-0.6 0.3-0.6 0.5 1.0 max. 0.50 max. 
P 0.025 0.02 - 0.012 0.015 
S 0.025 0.02 - 0.015 0.015 
Cr 1.9-2.6 8.5-9.5 22 20-24 20-23 
Mo 0.87-1.13 0.85-1.05 2 8-10 8-10 
Ni - 0.4 57 44.5 58 
Co - - 5 max. 10-15 1.0 max. 
W - - 14 - - 
V - 0.18-0.25 - - - 
Al - 0.015 0.3 0.8-1.5 0.40 
Nb - 0.06-0.1 0.5 - 3.15-4.15 
N - 0.03-0.07 - - - 
La - - 0.02 - - 
B - - 0.015 max. 0.006 - 
Ti - - 0.1 max. 0.6 max. 0.40 
Cu - - - 0.5 max. - 
 
Each receiver material has its advantages, disadvantages, and degradation 
mechanisms, which are reflected in the energy-conversion efficiency, service lifetime, 
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maintenance costs and profit. One maintenance day at 377 MWe Ivanpah CSP-TR 
plant causes a 24-hour loss of electricity production and economically that is a loss of 
at least $200,000 per day. From an economic point of view, receiver-coating 
conditions and receiver-lifetime predictions are essential for owners of CSPs. 
1.4 Spectral selectivity 
Coating spectral selectivity is related to the ratio between the solar absorptance (αS) 
and thermal emittance (εT),
24


















                                             ( 2 ) 
 
where Is (λ) is the reference solar spectral irradiance of AM 1.5 (ASTM G-173-03), 
R (λ) is the spectral reflectance and Ib (λ) is the blackbody radiation at 80 °C.  
Absorption of a photon from solar radiation occurs when a photon hits the valence 




The relation between the frequency of the incoming radiation and the energy 
difference between the orbitals is described with equation 3. 




To overcome the specific energy difference ΔE between the orbitals, radiation with an 
exact frequency ν is needed, where h is Planck’s constant. If radiation with a higher 
(3) 
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wavelength and a lower frequency, like infrared, is used to cause this energy 
transition, it will not be absorbed, because its energy is too low, but it will be 
refracted, reflected and/or scattered (depending on the refractive index), leading to 
diffuse reflection.
26
   
In the case of molecules, the energy is associated with the bands, which are made of 
three components: electronic, vibrational and rotational.
27
 The electronic part comes 
from the energy states of bonding electrons, a vibrational part from interatomic 
vibrations and a rotational part from rotational motions within a molecule. The 
number of rotational states is larger than the number of vibrational, and the number of 
vibrational states is larger than the number of electronic states.  These excited states 
of the species in a solid material are not permanent, and they relax to the ground state 
through relaxation processes, which can be radiative or non-radiative.  
In the non-radiative case, the excitation energy is, in small steps, converted to 
kinetic energy by collision with other molecules and the result of these collisions is an 
increase in the temperature, which is necessary at a CSP receiver surface. The goal is 
to design such a material for the CSP receiver, which selectively absorbs photons 
from the solar spectrum and does not emit energy with radiation. 
In the case of the solar-thermal receivers of the CSP plants, αS must reach at least 
95% so that the plant is commercially feasible.28 At the same time, it is necessary to 
ensure the lowest possible radiative losses, so the material must have a low εT.  
The ideal selective properties of the spectrally selective coating at a surface 
temperature of 800 °C are presented in Figure 5. The cut-off wavelength (λcut), which 
represents the transition from 100 % absorption to 100 % reflection of the 
electromagnetic radiation is drawn with a red dashed line and is dependent on the 
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surface temperature of the receiver (Trec) and the sun concentration factor (C). For 




Figure 5. Ideal selective properties of the spectrally selective coating at a surface 
temperature of 800 °C are 100 % absorption of solar spectrum presented with the AM 
1.5 ASTM G-173-03 spectrum below λcut and 100 % reflection of infrared radiation 
above λcut, where is the more significant part of the blackbody radiation at 800 °C 
(orange). The transition at λcut is presented with a red dashed line.  
One of the first reports on spectrally selective coatings is a patent by Tabor from 
1955, which is about a spectrally selective receiver for solar-energy collectors.
30
 In 
his research, he discovered that anodizing a bright nickel surface creates a thin film of 
dark nickel with high αS and low εT, where the latter was 11 %.  
Until today, there were many material designs developed with the purpose of 
achieving the spectral selective properties of surface coatings. The most important 
directions of these coating designs are intrinsic selective materials, semiconductor-
metal tandems, multilayers, multi-dielectric composites, textured surfaces, a 





 and photonic crystals.
33
  A short review of these types of coatings 
and their preparation methods, substrates used, αS and εT values and thermal stability 




































 Blackbody radiation at 800 °C














State-of-the-art CSP-TR coatings can quickly achieve a high solar absorptance 
greater than 95 %, but according to the literature review, coatings for CSP-TR 
systems that provide a low thermal emittance (< 80 %) over a long period of time 
(1000 h) at temperatures of 700 °C or higher in air have not been reported.  
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Table 3. Properties of different types of spectrally selective coatings, with yellow highlight when αS ≥ 96 % and εT ≤ 50 % and with red highlight 
for best thermal stability at high temperature in air.  
Material Substrate Preparation method αS εT 
Thermal stability (°C) 
Ref. 
Air  Vacuum  
Intrinsic selective   
W SS Laser sintering ~0.90 0.49 (650 °C) 650 (36h) - 34,35 
MoO3-doped Mo Mo CVD 0.74 < 0.30 (r.t.) - - 
36 
HfC  SS PVD 0.925 0.13 (r.t.) 800 - 37 
ZrB2  SS PVD 0.76 0.11 - 500 (100h) 
38 
SnO2  Al Pyrolytically 0.91 0.16 450 - 
39 
Co3O4 SS Spray pyrolysis 0.93 0.14 (100 °C) 300 - 
40 
TaB2 - Hot pressing 0.7 0.3 (777 °C) - 1200 
41 
Semiconductor-metal tandem  
Si Steel  PVD 0.70 0.17 570 - 42, 43 
Ge Steel  PVD 0.98 0.48 - - 42 
PbS Steel PVD 0.99 0.42 - - 42, 44’ 
45 
Cu2S Al Spray pyrolysis 0.89 0.25  - - 
46 
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Material Substrate Preparation method αS εT 
Thermal stability (°C) 
Ref. 
Air  Vacuum 
Multilayer receiver  
W/CrAlSiNx/CrAlSiOyNx/SiAlOx SS PVD 0.95 0.097 400 (650h) 600 (650h) 
47 
TiAlNx/TiAlNy/Al2O3 SS PVD 0.93 0.22 550 - 
48 
Ti/TaC/Al2O3 SS PVD 0.96 0.15 - 500 
49 
Mo/Al2O3 SS PVD 0.90 0.08 350 600 
50 
ZrB2/Al2O3 SS PVD 0.92 0.11 - 500 
38 
TiB2/Al2O3 SS PVD 0.93 0.11 - 600 
51 
Cr/AlCrN/AlCrNO/AlCrN/AlCrNO/AlCrO SS PVD 0.90 0.15 500 - 52 
TiAlC/TiAlCN/TiAlSiCN/TiAlSiCO/TiAlSiO SS PVD 0.96 0.07  325 650 53 
SiO2/Si3N4/W/SiO2 W CVD/PVD 0.95 0.1 600 - 
54 
HfOx/Mo/HfO2 SS PVD 0.90 0.17 400 600 
55 
TiAl/TiAlN/TiAlON/TiAlO SS PVD 0.90 0.19 650 (1h) - 56 
WAlN/WAlON/Al2O3 SS PVD 0.92 0.11 500 (2h) - 
57 
SiO2/AlN/Ti1-xAlxN/AlN/Pt SS PVD 0.92 0.15 - 900 (3h) 
58 
Mn-Cu-Co-Ox-ZrO2/MgF2 SS 304 Dip coating 0.93  0.20 700 (2h) - 
59 
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Material Substrate Preparation method αS εT 
Thermal stability (°C) 
Ref. 
Air  Vacuum 




0.92 0.18 550 (50h) - 60 
TiN/TiNxOy/SiO2 Al PVD 0.92 0.06 400 (240h) - 
61 
TiC–ZrB2/ZrB2/Al2O3 SS PVD 0.92 0.10 - 500 (100h) 
62 
NiP/TiO2 1050 Al Electroless plating 0.99 0.21 - - 
63 
W/WAlSiN/SiON/SiO2 SS PVD 0.96 0.10 - 600 (200h) 
64 
TiNxOy/TiO2/Si3N4/SiO2 Cu, Si PVD 0.98 0.45 - - 
65 
NixCo3-xO4/SiO2 SS Dip coating 0.94 0.18 500 - 
66 
HfB2/Al2O3 SS, Si PVD 0.92 0.11 500 (100h) 500 (100h) 67 
TiC–ZrC/Al2O3 SS PVD 0.92 0.13 400 (5h) 700 (100h) 
68 
Metal/metal oxide-dielectric composite 
(cermet and double cermet) 
 
Matrix Insert        
Cr2O3 Cr Ni Electroplating 0.96 0.35 450   
69 
AlN NiCr Glass PVD 0.92-0.96 0.10 (350 °C) - - 70 
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Material Substrate Preparation method αS εT 
Thermal stability (°C) 
Ref. 
Air  Vacuum  
Metal/metal oxide-dielectric composite 





0.94 0.07 500 - 71 
W 0.939 0.012 - 580 72 
SiO2 
Mo SS PVD 0.95 0.15 (400 °C) - 600 73 
Ni-B SS Dip-coating >0.80 <0.60 500 - 74 
YSZ W-Ni SS PVD 0.91 0.13 - 600 75 
SiO2 
CuCr2O4 Haynes 230 
Spray coating 
0.97 0.91 800 (2000h) - 76 
Cu0.86Cr0.14Mn1.5Fe0.5O4 Inconel 617 0.97 0.86 800 (1300h) - 
77 
Al2O3 Ag Cu, Si, glass PVD 0.89 0.06 (82 °C) - 400 (2h) 
78 
Al2O3 W-Ni SS PVD 0.90 0.15 600 (148h) - 
79 
MgF2 NiCr SS PVD 0.96 0.05 - - 
80 
Textured surface  
Ti (gratings)/MgF2/W Si 
e-beam evaporation 
and lithography 
0.90 0.2 350 - 81 
Ni (nanopyramids) Ni Template stripping 0.95 0.10 - 800 82 
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Material Substrate Preparation method αS εT 
Thermal stability (°C) 
Ref. 
Air  Vacuum  
Textured surface  
Si0.8Ge0.2 (nanostructures) SS Spark erosion 0.90 0.30 750 (1h) - 
32 
TiAlN Inconel 625 Spin coating 0.95 0.38 500 (444h) - 83 
Ag-CuO SS-304 Dip coating 0.92 0.05 - - 84 
W SS PVD 0.90 0.06 - - 85 
Mo/Al2O3 SS 304 PVD 0.90 0.08 - - 
86 
Photonic crystal  
W 2D W Lithography, etching 0.90 0.3 / / 87 
Ta-W Ta3%W RIE >0.80 <0.30 / 1200 (24h)  88 
Ta Ta UV-NIL 0.96 0.46 - - 89 
Rh, HfO2 Si  Litography, ALD 0.85 0.10 1000 (24h) - 
90 
RexNi100−x W Self assembly 0.90 0.50 1000 (5h) - 
91 
W, HfB2 Si, sapphire ALD >0.80 <0.40 - 1400 
92 
 αS ≥ 96 %, εT ≤ 50 % 
 Best thermal stability 
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Figure 6 represents a simple scheme of a CSP-TR plant, which is showing the 
direction of energy flow and conversion from solar radiation AM 1.5 to concentrated 
solar power (Psol) with a sun concentration factor (C) of 1000 suns. Psol is directed to 
the tower receiver, but 2 % is lost due to spillage and 3 % is reflected by the surface. 
95 % of the solar energy is absorbed and transformed into heat and conducted to a 
heat-transfer fluid (HTF). But most important, 9.8 % of the energy is lost due to 




Figure 6. Simplified energy flow scheme and corresponding equations of an 
industrial CSP ST plant, which represents the energy conversion path to from solar to 
thermal, mechanical and finally to electrical power. 
This means that the most significant gain through reducing the thermal energy loss of 
the receiver can be done by reducing the thermal emissivity (εT). The experimental 
work in this thesis is focused on the synthesis of a coating with low εT, high αS and 
longevity to improve the “state of the art” receiver coating.  
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By neglecting the conductive and convective heat loss, the efficiency of an industrial 
CSP receiver is defined as:  





)                                                    ( 3 ) 
where σSB is the Stefan-Boltzmann constant, TH is the receiver temperature at the 
surface, Tamb is the ambient temperature, I is the integrated solar irradiance and C is 
the sun concentration factor, given by the ratio of mirror collecting area and the 
absorbing area on the solar receiver.
94
 By using spectrally selective coatings on the 
central receivers instead of a non-selective receiver, we can gain up to 35 % in the 




Figure 7. Main required properties for an industrial spectrally selective coating used 
on a CSP tower receiver. 
According to the U.S. DOE roadmap, the third generation of coatings for CSP 
receivers must be spectrally selective, which means coatings  with high absorption of 
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the solar spectrum (> 97 %) at high temperatures (> 750 ° C), while having a low 
thermal emittance (< 50 %) to prevent radiative heat loss and high durability to 
prolong service life.
95
 The flower scheme in Figure 7 shows the combination of the 
most important properties for designing the spectrally selective coating for the CSP 
receiver. CSP-TR can achieve their highest efficiency at an operating temperature of 








2. The aim and hypotheses of the thesis 
The aim of this investigation was to prepare, apply and characterize spectrally 
selective coatings, deposited on substrates used for CSP tower receivers. These 
coatings are expected to have a high solar absorptivity (αS > 95 %), low thermal 
emissivity (εT < 60 %) and long-term stability (> 1000 h) at CSP operating 
temperatures T ≥ 700 °C. Such coatings would increase the efficiency of the 
transformation of solar energy to electrical energy and contribute to a lower price of 
CSP-produced electricity. The main hypotheses are the following: 
1. Pigments with high αS and low εT, used in paint formulations, will lower the 
high εT values of silicone-based paints and increase the efficiency of CSP 
receivers.  
Recent guidelines for the third generation of solar-receiver coatings have shown an 
unavoidable necessity for low thermal emittance coatings for CSP tower receivers to 
decrease the thermal loss at the receiver surface. By tuning the pigment spinel crystal 
structure, density or roughness of a coating, improved optical properties for the 
coating are predicted. The incorporation of metals like Al, Fe, Ni, Mo and Cr into a 
spinel crystal structure of a high solar-radiation absorbing pigment CuMn1.5Fe0.5O4 
could lower εT and maintain or improve high αS.  
2. Deposition of very thin and dense ceramic Al2O3 and SiO2 coatings on the 
receiver’s substrate will protect the substrate from thermal oxidation, 
corrosion and provide a stable and low εT, which is essential for the reduction 
of radiative losses.  
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The radiative losses when increasing the working temperature from 600°C to 750°C 
can amount to about 33 MW on a receiver of 1130 m² surface area.
95
 Therefore, 
spectrally selective receiver coatings would benefit the plant’s efficiency. 
The low εT phenomenon of SSCs is characterized by high reflectance at 
wavelengths in the IR region (1.79–16 μm). To prepare and maintain the high 
reflectance of a metallic substrate, the surface roughness must be very smooth and by 
means of a coating be protected from corrosion and oxidation, which both increase 
the roughness.  
We predict that materials like alumina or silica can be used for the preparation of 
oxidation-barrier thin films. The synthesis of sol-gel and solution precursor ceramic 
coatings should be deposited as a very thin, dense and high-temperature-resistant 
oxygen barrier layer, which will also have a very smooth (mirror-like) surface to 
reflect the infrared radiation. The coating’s temperature stability is essential to 
achieve high-temperature-corrosion protection of the substrate and the low εT, 
required for the third generation of SSC.  
3. Employing new methods such as laser sintering will allow the low-
temperature curing of coatings to prevent the thermal oxidation of the 
substrate, which will provide better stability and improved optical properties 
of the coatings. 
Laser sintering was already used for the sintering of tungsten micro and nano 
particles on stainless-steel substrates. Laser-sintered tungsten coatings were spectrally 




 Laser surface modification in nano-scale dimensions creates a surface that has a 
light-trapping effect.
99
 We predict that laser sintering, used on materials like sol-gel-
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deposited Al2O3 and pigment nanoparticles CuFe0.5Mn1.5O4 will produce a high-
temperature-stable, thin and cost-effective thermal barrier, infrared reflective and 
solar absorptive coatings for solar thermal receivers. 
4. Pigment surface modification with polyhedral oligomeric silsequioxanes 
(POSS) will protect the pigment particles from metallic ion diffusion under 
high-temperature conditions. 
 When coatings on metal substrates are exposed to high temperatures they are also 
exposed to higher solid diffusion rates of ions from the substrate to the coating. Metal 
alloys like Alloy 617, Alloy 625, Haynes 230 and others at high temperatures in air 
form different metal oxide layers on the surface, which can be composed of Cr2O3, 
NiO, Fe2O3 and other oxides. Metal ions can diffuse into pigment particles and lower 
αS or increase εT. We predict that the surface functionalization of copper manganese 
ferrite black spinel pigment nanoparticles with glycidyl polyhedral oligomeric 
silsesquioxane (GPOSS) monomers will protect the pigment particles against 
undesired high-temperature-induced diffusion and concurrently maintain the same 
optical properties as commercial pigment. 
5. Langmuir-Blodgett mono-, di- and trilayer POSS films on the metal substrate 
for the CSP receiver will prevent its thermal oxidation and will, due to the 
shallow thickness, maintain a stable and low εT. 
The Langmuir-Blodgett deposition technique was developed to make thin films 




Since the reflection of infrared radiation in thickness-sensitive, spectrally selective 
(TISS) coatings is from a mirror-finish polished substrate, the coating thickness must 
be less than 4 µm.
101
 In this way it is transparent to infrared radiation and does not 
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affect the εT. We predict that a few-nanometers-thick monolayer will increase the 
corrosion protection of the substrate and leave enough room to coat the substrate with 
a high solar absorptive coating not thicker than 4 µm.  
6. With synthesis and the inclusion of highly solar absorptive two-dimensional 
inorganic compounds MXenes into silicone resin, high αS (>90 %) and high 
thermal stability coatings for CSP receiver can be developed. 
MXenes are a new type of layered materials that possess a combination of superior 
properties, such as unique morphologies, excellent electronic and thermal 
conductivities and enhanced mechanical properties.
102
 The field of MXenes is still 
underexplored, and applications are still hypothetical. MXenes will be synthesized 
and their potential will be characterized for implementation as part of high-








3. Materials and methods  
3.1 A list of used materials 
o Inconel 617 sheets, 6 cm × 6 cm × 1.6 mm, Masteel UK Limited  
o Pigment Black 444 (CuMn1.5Fe0.5O4), Shepherd Color Co., 68186-94-7 
o Chromium nitrate nonahydrate (Cr(NO3)3·9H2O), Sigma-Aldrich, 7789-02-8 
o Alumina (Al2O3), 99.5 %, Sigma-Aldrich, 1344-28-1 
o Molybdenum powder, 99.99 %, Sigma-Aldrich, 7439-98-7 
o Nickel nitrate hexahydrate (Ni(NO3·6H2O)) Merck, 13478-00-7 
o Iron chloride hydrate (FeCl2 · ¾ H2O), Carlo Erba 
o Dow Corning 805 silicone resin  
o Xylene, Chem-Lab, 1330-20-7 
o HPLC grade tetrahydrofuran (THF), Honeywell, 109-99-9 
o Chloroform, Merck, 67-66-3 
o N,N-Dimethylbenzylamine (BDMA), Sigma-Aldrich, 103-83-3  
o Glycidyl POSS Cage mixture (G-POSS), Hybrid Plastics, 68611-45-0 
o 1,2-Propanediolisobutyl POSS (PD-POSS), Hybrid Plastics, 480439-49-4 
o Isopropanol, Roth, 67-63-0 









3.2 Preparation of new pigment compositions for spectrally 
selective coatings 
A solid-state reaction method was used to modify the as-received commercial 
Shepherd Black 444 spinel pigment, with the goal to lower its εT. This method is 
known in the literature for the synthesis and modification of ceramic pigments.
103–106
 
Since there is no method to predict the IR reflectivity of an inorganic or organic 
compound, we used the screen-and-search method to select the best material. The 
proposed approach of  pigment doping with different metals is already reported in 
literature.
107–109
 The Black 444 pigment has the chemical formula CuMn1.5Fe0.5O4 and 
is known to be heat resistant and stable to ultraviolet light and therefore suitable for 
the production of paint coatings with a high solar absorptivity for CSP-TR 
technology.  Each sample, consisting of 14 g of pigment, was mixed with varying 
amounts of metal, metal oxide or metal salt (Cr(NO3)3·9H2O, Al2O3, Mo, 
Ni(NO3·6H2O, Co, FeCl2 · ¾ H2O)   to get 3 % mass fraction of added metal ion in 
every sample.  
 
Figure 8. Solid-state synthesis of pigment Black 444 with various metal species. 
The mixture was then thoroughly ground with an agate mortar and pestle.  The 
mixed powders were pressed into pellets using a manual hydraulic press with a 6-ton 
load and calcined in a furnace at 1000 °C using an isothermal protocol for 24 hours in 
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the air. The products of solid-state synthesis (Figure 8) were reground, characterized 
and used as a new pigment for spectrally selective black-paint formulations. 
3.2.1 POSS functionalized spinel pigment particles 
The pigment Black 444 was functionalized with POSS molecules to protect it from 
high-temperature, solid-solid diffusion and degradation. Glycidyl POSS molecules 
were used for the functionalization, which are organic-inorganic hybrid compounds 
with an inorganic polysilesquioxane POSS T8 cage functionalized with glycidyl 





Figure 9.  Schematic presentation of glycidyl POSS oxirane rings opening reaction 
initiated by tertiary amine.
110,112
  
Glycidyl POSS was mixed with a stoichiometric amount of N,N 
dimethylbenzylamine (BDMA), which is a tert-amine, and was used as the catalyst in 







Figure 10. Schematic presentation of (a) pigment Black 444 particle with opened 
glycidyl-POSS monolayer before annealing and (b) after annealing at 700 °C to 
oxidize organic groups and thicken the POSS monolayer. 
R = 
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The oxirane rings’ opening enables the easier bonding of the POSS molecules on 
the surface of the pigment. –O
-
 moieties that are obtained in the epoxy ring-opening 
reaction and are bonded to metal ions in the pigment crystal structure. 
Tetrahydrofuran (THF) was used as the solvent for modifying the pigment particles. 
Oven-dried Shepherd Black 444 spinel pigment was added to the THF solution and 
stirred under reflux for 24 hours. 
3.3 High-temperature isothermal oxidation characterization of 
the Inconel 617 substrates 
The Inconel 617 plates with size 6 cm × 6 cm × 1.7 mm were purchased from 
Masteel UK Limited and cut to rectangles with area 2 cm × 3 cm using Struers cutting 
equipment Secotom-15. The samples were grinded with sandpaper and polished with 
diamond paste to a mirror finish. Then the samples were washed and sonicated in 
ethanol for 10 min to remove all the solid particles on the surface left after polishing.  
The as-prepared samples were then exposed to 800 °C in an air furnace for a 
determined time and measured with the NGIA cell of a Bruker Vertex 70 FTIR 
spectrometer, high-resolution, scanning electron microscope (SEM, Carl Zeiss, Model 
SUPRA 35 VP), equipped with an energy-dispersive X-ray spectrometer (EDX, 
Oxford Instruments, Model Inca 400) and a Witec alpha 300 Raman spectrometer to 
study the oxide layer composition, structure, surface and optical properties.  
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3.4 Preparation and application of coatings 
3.4.1 Coatings with modified pigments 
The calcined pigments, described in Chapter 3.3, were added to a suitable amount 
of siloxane–functional resin and organic solvent to achieve a final pigment weight 
fraction of 26%. Small amounts of additives were added to the mixture of binder, 
solvent and pigment and stirred with the VMA Dispermat CN10 dissolver for 30 min 
at 1200 rpm. Furthermore, the pigment dispersions were ground with a Dyno-Mill 
Research Laboratory agitator ball mill (WAB, Willy A. Bachofen AG 
Maschinenfabrik) with zirconium oxide beads of 0.3 mm diameter for half an hour at 
5000 rpm. After grinding, nanoparticle pigment dispersions were prepared for spray 
coating. All the samples were prepared using the same procedure (Figure 11), 
including the coating with the commercial pigment Black 444.  
 
Figure 11. Steps used in process of the coatings’ preparation and application. 
The substrates used for spray coating were Inconel 617 6 cm × 6 cm sheet metal 
coupons. Before deposition with spray coating, the substrates were ground with 
sandpaper with grit sizes P400, P600, P1200 and P2500 and additionally polished 
with a diamond suspension (3-μm particle diameter) to obtain a mirror-finish surface. 
Subsequently, the substrates were immersed in an ethanol solution and cleaned in an 
ultrasonic bath for 10 minutes. The surface of the substrates was then treated with 
Ar/O2 plasma in a Solarus 950 Gatan Advanced Plasma System model to remove any 
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homogenous 
nano-dispersion 








power hydrogen and oxygen radical generator that generates glow discharge plasma 
inside the generator housing. It contains a 65-W power supply (13.56 MHz RF) with 
an automatic tuning network to ensure effective plasma coupling into the generator 
and chamber. The hydrogen and oxygen radicals are expelled from the generator by 
convection and passed over and around the sample to clean the hydrocarbons from the 
surface. The coated substrates were left in air for 24 hours to stabilize the deposited 
film and cured in an oven in an air atmosphere. The temperature program for the 
curing of coatings is shown in Figure 12. 
 
Figure 12. Temperature ramp used for the curing of the coatings in an air 
atmosphere. Selection of three isothermal holding temperatures during the heating 
protocol was selected purposely as the paint consists of a solvents, binder 
(poly(dimethyl diphenyl) siloxane copolymers), to remove solvent remains from the 
coating in the first stage, the decomposition of organic species in the binder in second 
stage (320 °C) and reformation of siloxane chains, bond rearrangement and 
crosslinking that occur at temperatures above 500 °C influenced by additives and 
inorganic pigment particles.
113,114
 After curing, the samples were thermally loaded for 
1186 hours in an air-atmosphere furnace under an isothermal protocol at 800 °C.  
  























3.4.2 HSA coatings for accelerated thermal ageing 
Substrate preparation before coating deposition 
A sand-blasting pre-treatment of the Inconel 617 samples was performed with an 
air-sand-blasting pistol. Spheres of SiC sand with a size of 120 mesh were used to 
sandblast the surface of the substrate. The sand impacted the sample through the 
nozzle. Samples were sand blasted perpendicular to the nozzle. The pressure of the 
compressed air could be adjusted from the minimum 0.9–1 MPa. The sample distance 
could be adjusted, but in the reported experiment, the gap was fixed at 50 mm. The 
possibility of residual sand-blasted particles, which could affect the adhesion of the 
coating on the surface of the treated substrates, was high. Therefore, the substrates 
were purged with compressed air before the coating’s deposition.  
Coating preparation 
Receiver-coating samples were similarly prepared on Inconel 617 as they are made 
by a leading industry partner in CSP tower technology with patented technology and 
subjected to accelerated ageing. In general, the paint was prepared by black spinel 
pigment ball-milling with silicon-based resin and diluted by organic solvents to 
achieve the proper rheological properties for the spray application (B444). Eighty 6×6 
cm
2
 samples were applied by spraying the B444 paint on the Inconel 617 substrate. 
The wet thickness was 50 microns. The uniform samples were selected according to 
the initial absorptance value (aS= 97% ± 0.3).  
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3.4.3 Langmuir-Blodgett deposition of POSS films 
Inconel 617 rectangle coupons with a surface area of 12 cm
2 
were used as the 
substrates for the LB deposition of POSS. Before the deposition, the substrates were 
polished with emery paper of P400, P600, P1200 and P2500, respectively, followed 
by a 3-μm diamond suspension to obtain a finished surface with a mirror-like 
appearance. Then, the substrates were immersed in an ethanol solution, cleaned in an 
ultrasonic bath for 10 min, and air-dried. The surface of the substrates was 
subsequently treated with Ar/O2 plasma in a Gatan Advanced Plasma System model 
Solarus 950 to remove any organic residues after polishing the Inconel 617 samples. 
The Solarus 950 is a low-power hydrogen and oxygen radical generator producing a 
glow-discharge plasma within the generator housing. It contains a 65-W RF power 
supply (13.56 MHz) with an auto-tuning network to assure effective plasma coupling 
to the generator and chamber. The hydrogen and oxygen radicals dispersed from the 
generator by convection pass over and around the specimen to clean potential 
hydrocarbons from the surface.  
The Langmuir‒Blodgett films were prepared using a KSV Nima KN 3002 trough 
with dimensions of 782 mm × 75 mm and Wilhelmy plate paper as a surface pressure 
sensor to control that deposition of the LB layers, which was carried out under a 
constant pressure.  Firstly, a solution of 1 mg/mL of POSS was prepared in 
chloroform. Before deposition, the trough was cleaned with isopropanol and ultrapure 
water (Milli-Q, Millipore Simplicity). The purity of the water subphase was assessed 
by measuring the change in the surface pressure for a standard compression/expansion 
cycle without a surface film and a total change in the surface pressure of less than 0.5 
mN/m was considered satisfactory.  
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Then, 60 µL of the POSS solution was pipetted onto the water’s surface, followed 
by 30 min of incubation, which allowed for the evaporation of the solvent. Next, the 
barriers were set to compress the POSS molecules at the air-water interface at a 




 until a target surface pressure (Π) of 15 mN/m 
was reached. A further 15 min of standby followed the compression to provide time 
for the stabilization of the compressed POSS monolayer on the surface.  
Table 4. Table of sample marks used in the LB layer deposition.  
Sample Mark 
Bare substrate Inconel 617 
LB monolayer before plasma treatment LB-1a 
LB monolayer after plasma treatment LB-1 
LB bilayer after plasma treatment LB-2 
LB trilayer after plasma treatment LB-3 
 
Next, the Inconel 617 substrate, which was previously immersed into the subphase, 
was lifted with a speed of 10 mm/min until the whole substrate was above the water’s 
surface, transferring a monolayer of POSS molecules from the air-water interface 
onto the substrate. The coated substrate was left for 30 min in the air to dry and then 
exposed to Ar/O2 plasma to oxidize and remove the isobutyl and propanediolisobutyl 
functional groups of the POSS. After the plasma treatment, the coating would only 
ideally consist of a monolayer of POSS cages bound to the substrate surface. The 
deposition and plasma process were repeated twice to obtain a dense monolayer and 
multilayer POSS coating. The marks used for LB deposition samples are shown in 
Table 4. Then, 60 µL of the POSS solution was pipetted onto the water’s surface, 
followed by 30 min of incubation, which allowed for the evaporation of the solvent. 
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Next, the barriers were set to compress the POSS molecules at the air-water interface 
at a compression rate of 3.75 cm/min until a target surface pressure (Π) of 15 mN/m 
was reached. A further 15 min of standby followed the compression to provide time 
for the stabilization of the compressed POSS monolayer on the surface.  
3.4.4 Alumina coatings for high-temperature corrosion protection 
Alumina sol-gel coatings were synthesized by using a clear, aluminate-based 
solution, which, depending on the time and temperature of the solution tempering, 
resulted in the temperature-dependent formation of various aluminum hydroxides in 
the following sequence: amorphous aluminum hydroxide gel, aluminum 
monohydroxide (boehmite), and aluminum trihydroxides (bayerite, nordstrandite, and 
gibbsite). Thin films, deposited on a polished   Inconel 617 substrate, were cured under 
an inert atmosphere and thermally aged in an air atmosphere for 1200 hours at 700 °C 
and 800 °C.  
3.4.5 Laser sintering of coatings 
A sol-gel alumina coating deposited on a 6 cm × 6 cm polished Inconel 617 was 
used to study the effects of laser sintering under atmospheric conditions on the optical 
properties and the thermal stability.  
 
Figure 13. Inconel 617 sample, coated with sol-gel alumina where each square with 
an area of 64 mm
2
 was laser treated with different laser optical parameters, which 
are marked on the right and described in Table 5. 
Luka Noč 




For sintering, a nanosecond fiber laser (SPI Lasers Ltd., G4, SP-020P-A-HS-S-A-
Y) irradiating pulses with a wavelength of 1060 nm and with a maximum power of 20 
W was used. The waveforms (WF) 0 and 27 (Table 5) determined the pulse duration 
at full width and half-maximum (FWHM) and at 10% of the peak power. For WF = 0 
the pulse duration equals 32 ns (FWHM) and 240 ns (10%) and for WF = 27 equals 
10 ns (FWHM) and 12 ns (10%). The beam waist radius at the focal point was 29 μm. 
The map of 30 different laser parameters used in the study on laser sintered areas with 
marks is presented in Figure 13, where each square has a 7-mm side. The marks 
represent 30 different parameters, which are described in Table 5. The first column in 
Table 4 represents the number of the corresponding square on the sample and the 
parameters of laser sintering follow in the next columns, of which some are the same 
for more than one square. Laser sintering is done with a moving stage in the x-y plane 
in scanning mode and Δy represents the spacing between the lines.  








Parameter step was included to study the effects of local heating and cooling. When 
the step is one, then lines follow one after another, but if it is five, then the first line is 
scanned and in the next step five lines are skipped and the sixth line is scanned and so 
on. 
When the bottom of the square is reached, scanning repeats from line n = 2, 7, 12 
and so on. When the step is bigger than one, the previous scanned line is allowed to 
cool down faster, while the influence of the heating from the next line is smaller. 
There were also variations of the maximum power between 40 % and 60 %, the speed 
of the moving stage in the x-direction was increased for 8 A-C, and the laser 
frequency was increased for areas 8-10. A scanning strategy was also included in the 
process, where A means that the scanning lines were parallel to each other, B means 
that for each n line, first the x-direction is scanned and then perpendicular the y-
direction is scanned, and C means twice B for each line from 1 to n in both directions 
(Table 5).    
3.4.6 Mxene-like borophene pigment for a high-performance receiver 
coating 
Borophenes are a new type of layered materials that possess a combination of 
superior properties, such as high solar absorptance, unique morphologies, good 
electronic and thermal conductivities and enhanced mechanical properties.
102
 
Borophene (Figure 14) was synthesized from the boron-lithium alloy (B-Li) by 
H2O/HCl(aq.) etching of lithium. Crude borophene was then purified and exfoliated in 
water suspensions, filtered and dried in a vacuum oven at elevated temperature.  
The borophene powder was thoroughly ground in an agate mortar with a pestle to 
break possible agglomerates and homogenize, added to a Dow 805 (Dow) silicone 
binder resin and xylene (Sigma-Aldrich) and then mixed with dissolver VMA 
Luka Noč 




Dispermat CN10 for one hour at 2500 revolutions per minute. After mixing, the 
borophene dispersion was deposited on a stainless-steel T91 substrate with a 
pneumatic spray gun. 
 
 
Figure 14. Borophene ball & stick molecular model formed of boron atoms: single 
layer top view (A) and side view of three layers (B). 
The wet thickness of the coating was 60 μm, which was cured in a furnace at 600 
°C with a heating rate of 10 K/min in an Ar atmosphere and an Ar volumetric flow 
rate of 1 L/min. The surface of the T91 substrate was sandblasted and cleaned in an 
ultrasonic bath in ethanol for 20 minutes before spraying. The painted substrate was 
thermally aged for 2h at 600 °C in an air atmosphere. 
3.5 Characterization of the pigment particles and the coatings 
3.5.1 Fourier-transform infrared spectroscopy 
Bruker’s IFS 66/S and Vertex 70v FTIR spectrometers were used to perform 
spectrometric analyses of the materials studied. Pigment particles were dispersed in a 
matrix of potassium bromide (KBr) in the mass ratio 1:100, ground in an agate mortar 
with a pestle to a fine powder with a particle size lower than the radiation wavelength 
to minimize the band distortion due to the scattering of the radiation. Furthermore, 
they were pressed in a hydraulic press to obtain the thin pellets, which were placed 
into a FTIR spectrometer.
115
 The initial and modified pigments were measured in 
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absorption (A) mode for the IR wavenumber range between 4000 cm
-1
 and 370 cm
-1
. 
The same particles were also measured with the ATR technique using a SilverGate 
ATR cell with a germanium crystal. 
The normal hemispherical directional reflectance spectra of the coatings were 
measured using gold-coated integrating sphere equipment at the IR wavelengths of 
1.5–16.5 µm. Thermal emittance (εT) values were calculated from the measured 
reflectance spectra according to equation (2). 
 Infrared reflection - absorption spectroscopy (IRRAS) analyses were made using 
monolayer grazing-angle specular reflectance equipment from Bruker and Specac Inc. 
Samples were exposed to p-polarized IR light from a MIR source at an near-grazing 
incidence angle (NGIA) of 80° and reflected IR light was detected with a liquid-N2-
cooled mercury-cadmium-telluride (MCT) detector. A polished, ultrasonically and 
plasma cleaned Inconel 617 substrate was used as the background reference. Each 
background and sample spectrum was recorded with 64 scans and with a spectral 
resolution of 4 cm
-1
.    
3.5.2 Inductively coupled plasma optical emission spectrometry 
Spectroscopy is the science of the interactions between radiation and matter. When 
a spectrometer is used to measure the spectra of these interactions then it is called 
spectrometry. Atomic emission spectrometry, referred to also as optical emission 
spectrometry (OES), is a technique for the determination of the qualitative or 
quantitative elemental composition of either a solid, powder, liquid or gaseous 
samples.
116
 This technique was used to determine the quantitative composition of the 
powdered pigment Black 444. The pigment was in the form of an aerosol injected into 
the plasma and atomized. The plasma is generated by the application of radio-
frequency energy, reaching a temperature of about 10,000 K. High thermal energy, 
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present in the plasma, excites the electrons of atoms to higher energy levels. When 
these electrons return to the ground state, they emit light, which is specific for 
different atoms. Firstly, light passes through a monochromator and then 
monochromatic light signals are measured with a detector, and transformed to spectra 
with the computer software.      
3.5.3 Visible-wavelength reflection spectra of calcined pigment powders 
The spectral color measurement spectrophotometer X-Rite i1 Pro was used to 
measure the reflection spectra of calcined, reground and pressed pigment powders in 
the wavelength range from 380 nm to 730 nm. Powders were pressed into thin pellets 
with 6 bar of pressure in a hydraulic press to provide a flat surface and comparable 
resultant spectra. A plain black chart purchased from the company Leneta was used as 
a high-solar-spectrum absorbing reference. 
3.5.4 Ultraviolet/visible diffuse reflectance spectroscopy 
Coatings with modified pigments were removed from the furnace after each 168-h 
cycle to measure the UV/VIS/NIR reflectance spectra at room temperature in air and 
then returned to the furnace for the next cycle. The Lambda 950 UV/VIS 
spectrometer was used to measure the near-normal spectral reflectance of the samples 
at wavelengths from 250 nm to 2500 nm. Solar absorptance (αS) values were 
calculated from the measured reflectance spectra according to equation (1). 
3.5.5 Coating load  
The aim of the accelerated ageing was to identify those tests that are capable of 
causing degradation similar to that expected under working conditions in the field. 
Accelerated testing was performed on more than 50 samples of size 6×6 cm
2
. For the 
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thermal load, computer-guided furnaces were used, offering accurate monitoring of 
the loading temperatures. For cooling, the compressed-air flow was used, and for 
humidity, steam-producing equipment was employed. Samples exposed to isothermal 
and cyclic loads were cooled each week, metallurgically cross-sectioned and 
manually measured.  
3.5.6 Visual and optical examination  
The micro-defects were visually evaluated weekly. Loaded samples were cooled to 
room temperature and evaluated under a microscope. Each coating sample was 
evaluated by identical location microscopy at the same spot every week. An image 
area of 2000 µm
2
 was used for the crack-length and width evaluation.  
3.5.7 Pull-off testing 
Each sample was subjected to four pull-off tests in a row during a 4-week period. A 
metallic punch with a 2 cm diameter was glued onto the coating surface using Loctite 
9466. The glued samples were cured in an air oven for 30 min at 120 °C and tested 
after 24 hours. 
3.5.8 Evaluation of the oxide and coating thickness  
Using Struers cutting equipment with an Al2O3 cutting wheel, 2×0.5 cm
2
 coating 
belts were obtained. The samples were embedded in epoxy and ground with 
sandpaper having grit sizes of P400, P600, P1200 and P2500; they were then 
additionally polished with a diamond suspension (3-μm particle diameter) to obtain a 
mirror-finish surface. Afterwards, the substrates were immersed in an ethanol solution 
and cleaned in an ultrasonic bath for 10 min before evaluation with the SEM (Ultra +, 
Carl Zeiss) equipped with an energy-dispersive spectrometer SDD X-Max 50 (Oxford 
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Instruments). The thicknesses of cured coatings were also measured using a byko-test 
4500 Fe/NFe dry-film thickness gauge from Byk. 
3.5.9 Lifetime-assessment data 
For the lifetime-assessment absorptivity measurements, the crack length and width, 
the oxide thickness, the ratio between the oxide and the coating thickness and the 
pull-off results were used. The analyzed samples were exposed to three different 
isothermal conditions (730 °C, 750 °C - with and without increased O2 concentration, 
770 °C) and two different cycling procedures (8 °C/min with and without moisture 
and 12 °C/min).  
3.5.10 FIB and TEM analysis  
FIB cross-sectional analysis, TEM lamella sample preparation and FIB 3D data 
acquisition were completed using a FIB-SEM Helios Nanolab 650 (FEI, USA) 
equipped with an energy-dispersive spectrometer SDD X-Max 50 (Oxford, UK). 
Cross-sections were made using focused Ga+ ions at 30 kV @ 21 nA with a 
sequential reducing beam current down to 2.5 nA for the case of the final ion-
polishing step. Morphological images of the cross-sections were then acquired by 
SEM imaging using a standard SE detector (5 kV @ 100 pA). Z-contrast images were 
acquired at the supporting Inconel interface cross-section with the detection of the 
BSE signal (2 kV @ 0.4 nA) to distinguish between the phases and to evaluate the 
oxide-layer thickness. The phases present were additionally verified with an EDXS 
analysis (15 kV @ 0.8 nA). For the FIB 3D analysis, a sample was infiltrated with 
epoxy resin under vacuum conditions. After the resin curing, the upper part of the 
coating material was polished away to enable direct FIB access to a cross-sectional 
area, including the Inconel support, oxide layer and coating material. The polished 
Luka Noč 




sample was firmly fixed to an aluminum stub using silver-conductive cement and 
sputtered with 50 nm of a carbon conductive layer using a PECS 682 (Gatan, US). 
Prior to the 3D data acquisition, regions of interest (ROIs) with dimensions of 20×15 
µm
2
 were protected with a 1.5-µm platinum layer by inducing the Pt-organometallic 
precursor with a FIB. Parallel and diagonal lines were then briefly milled into the 
protective layer and covered with 100-nm-thick carbon bands by in-situ inducing the 
organic precursor with the FIB. An additional platinum layer (1 µm) was deposited on 
top of the ROI to embed high-contrast carbon reference markers within the protective 
layer. The ROI was finalized by milling away a U-shaped trench to enable direct 
cross-sectional imaging with an SEM and prevent shadowing of the imaging signals. 
The sample was then serially sectioned using a fully automated slicing procedure with 
an active drift-correction algorithm and auto-focusing routine to obtain a series of 
BSE images with 20-nm reproducible steps. Images within the obtained 3D data-stack 
were precisely registered according to the embedded reference markers. Image 
processing was performed directly on the data volume using a 3D non-local means 
algorithm. Sample rendering and three-dimensional visualization were performed 
with a volume-rendering technique using dedicated Amira 6.5 (FEI, US) software. 
TEM analyses were performed in a cold FEG Cs aberration-corrected microscope 
JEOL ARM 200 CF operated at 200 kV equipped with an EDXS 100 mm
2
 JEOL 
Centurio detector and a GIF Quantum spectrometer.  
3.5.11 Thermogravimetric mass spectrometry 
Thermogravimetry - mass spectrometry (TG-MS) analyses were carried out with a 
Netzsch STA 449 F3 Jupiter coupled with an Aeolos QMS 403 C mass spectrometer. 
TG analyses were performed in an oxygen atmosphere with a heating rate of 10 
K/min at temperatures ranging from room temperature to 900 °C. The baseline was 
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measured before measuring the weighed samples. The gaseous products of the 
thermal decomposition were simultaneously analyzed in a mass spectrometer. 
3.5.12 X-ray powder diffraction  
X-ray powder diffraction (XRD) patterns were obtained using an X-ray powder 
diffractometer PANalytical X'Pert PRO with Cu-Kα radiation (λ = 1.5406 Å) with the 
2θ angle ranging from 10° to 70° and a scanning speed of 0.04°/s. 
3.5.13 Scanning electron microscopy 
Surface morphology, topology and cross-sections were analyzed using a scanning 
electron microscope (SEM) SUPRA 35 VP by Carl Zeiss. Elemental compositions of 
the samples were determined using an energy-dispersive x-ray (EDX) detector. 
3.5.14 Transmission electron microscopy 
The morphology of the doped pigment particles, their elemental composition and 
POSS coated particle morphology were investigated with a JEOL-ARM200CF 
transmission electron microscope (TEM) using conventional and high-angle annular 
dark field (HAADF) imaging, energy-dispersive X-ray spectroscopy (EDXS) and 
electron-energy-loss spectroscopy (EELS).  
3.5.15 Raman and atomic force spectroscopy 
Witec alpha 300 AFM, Raman and Scanning Near-field Optical Microscope 
(SNOM) was used to obtain the Raman spectra, surface roughness and optical images. 
With such a combined instrument, chemical information can be directly linked to 
the structural AFM information from the same sample area using only one instrument.  
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3.5.16 X-ray photoelectron spectroscopy 
The X-ray photoelectron spectroscopy (XPS or ESCA) analyses were carried out on 
a PHI-TFA XPS spectrometer (Physical Electronics Inc). Samples were mounted on 
the metallic sample holder and introduced in a ultra-high vacuum spectrometer. The 
vacuum during the XPS analyses was in the range of 10
-9
 mbar. The analyzed area 
was 0.4 mm in diameter and the analyzed depth was about 7 nm. This high surface 
sensitivity is a general characteristic of the XPS method. Sample surfaces were 
excited by X-ray radiation from a monochromatic Al source at a photon energy of 
1486.6 eV. The survey wide-energy spectra were taken over an energy range of 0–
1200 eV with a pass energy of analyzer of 187 eV in order to identify and quantify the 
elements present on the surface. The high-energy resolution spectra were acquired 
with an energy analyzer operating at a resolution of about 0.6 eV and a pass energy of 
29 eV. During the data processing the spectra were aligned by setting the C 1s peak at 
284.8 eV, characteristic for C-C/C-H bonds. The accuracy of the binding energies was 
about ±0.3 eV. Quantification of surface composition was performed from the XPS 
peak intensities, taking into account the relative sensitivity factors provided by the 
instrument manufacturer.
117
 We estimate that the relative error of the calculated 
concentrations is about 20% of the reported values. Two places on every sample were 
analyzed and the average composition was calculated. The XPS method is not 
sensitive for H and He, and the smallest concentration of elements that can be 
detected with the XPS method (sensitivity) is about 0.5 at.%. XPS spectra were 
analyzed by a Multipak software, version 8.0 from Physical Electronics Inc company. 
High-resolution spectra were fitted with Gauss-Lorentz functions and a Shirley 
function was used for the background removal. Depth profiling sputtering was 
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performed with 4-keV Ar ions over an area of 3×3 mm
2
 with a sputtering rate 1.0 
nm/min. 
3.5.17 Brewster-angle microscopy 
Brewster-angle microscopy (BAM) images of the Langmuir films were obtained by 
illuminating the air–water interface with laser light at λ = 658 nm, incident at the 
Brewster angle, and acquiring the reflected light through the microscope objective 
(5×) connected to a CCD camera. All these elements are part of an imaging ellipso 
meter (Accurion EP4) adapted to a Langmuir-Blodgett trough.  
3.5.18 Electrochemical measurements 
Electrochemical impedance spectroscopy and linear sweep polarization 
measurements of the bare polished Inconel 617 sample and the Langmuir-Blodgett 
monolayer coated sample were performed with a Metrohm Autolab PGSTAT302N 
potentiostat connected to an Autolab frequency response analyzer module (FRA) and 
to a conventional three-electrode electrochemical cell with Luggin-Haber capillary. 
The cell was filled with naturally aerated 0.5-M NaCl, prepared with analytical grade 
salt in Milli-Q water. The area of the sample exposed to the electrolyte was 1 cm
2
. 
The sample was connected to a potentiostat as a working electrode, the Ag/AgCl 
electrode was used as reference electrode and Pt mesh as the counter electrode. The 
measurements were controlled using Metrohm Autolab Nova 2.1 software. The 
impedance measurement procedure consisted of four steps. First, the sample was 
exposed to open-circuit conditions (OCP) for 30 min. Then the electrochemical 
impedance spectrum was measured in the frequency range from 0.01 Hz to 100 kHz, 
starting from the highest frequency with a step of 10 points per decade and at an RMS 
amplitude of 10 mV at the OCP. Afterwards, the OCP conditions were applied again 
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for 30 min and followed by a linear sweep polarization scan. The electrode potential 
during the scan was changing from -1 V (versus Ag/AgCl) to 0 V with a scan rate of 1 
mV/s and a 2.44 mV recording step. EIS data fitting was done with ZView 3.5f 
software. 
3.5.19 Standard deviation values 
Standard deviation values for measured data were not calculated, because of the 
nature of the measurements. Our approach was to experimentally measure three 
values and exclude the most deviated value compared to the other two. One of the two 
remaining values was chosen to be represented as a result. In the case of the AFM 
measurements of the pigment coatings, the roughness was characterized with 









4. Results and discussion  
To improve the optical properties and the durability of current industrial HSA 
coatings, the structure and surface of the standard pigment was modified. 
Furthermore, the coatings were prepared from modified pigments and tested for their 
optical properties and durability. Since the substrate and coating are exposed to high 
thermal loads, they are prone to thermal oxidation, diffusion and degradation. To 
study these effects, a substrate without the coating and with the HSA coating were 
thermally aged and characterized. With aim to protect the substrate and coating from 
oxidation and improve the optical properties, the Langmuir-Blodgett POSS and sol-
gel alumina protective coatings were deposited on the substrate. Novel MX-ene 
material was used as a replacement for the pigment in the HSA coating to study its 
potential for high-performance CSP-TR. 
4.1 Pigment structure modification 
4.1.1 Elemental composition, visual evaluation and reflection spectra of 
calcined pigments made from Black 444 pigment 
The quantitative elemental composition of the Black 444 pigment obtained via ICP-
OES analysis is presented in Table 6. The results show good agreement for Cu and 
Fe, but a small deviation for Mn. The reason for this deviation could be the 
inhomogeneity in the sample used for the ICP-OES analysis.  
After calcination of the pressed pigment powders with added metal ions, we already 
observed changes in the optical appearance of the pellet samples (Figure 15). Pigment 
Black 444 (Figure 15a) appears black on delivery and becomes slightly grey after 24 
hours of calcination at 1000 °C in the air (Figure 15b), due to the segregation of metal 
oxides, as shown with XRD (Figure 17).  
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(% mass fraction) 
Theoretical 
(% mass fraction) 
Cu 26.6 26.7 
Mn 22.5 34.6 
Fe 9.1 11.7 
 
The sample containing Al, Fe, Ni, Mo and Cr was brown (Figure 15c), light brown 




   
 
Figure 15. Visual appearance of Black 444 pigment after grinding and pressing of (a) 
as-received B444 and calcination at 1000 °C in air for 24h of (b) as-received B444 
and with 3 wt. % addition of (c) Al (d) Fe, (e) Ni, (f) Mo and (g) Cr. 
 
(c) (b) (a) 
(d) (e) (f) 
(g) 
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The color of the material is dependent on its shape; when these pellets were ground 
into a fine powder, the color variations were less intense. After a visual evaluation, 
the reflectivity spectra of the pellets in the visible spectrum (350–780 nm) were 
measured and the results are shown in Figure 16. The reference Leneta black chart has 
less than 1 % reflection and the as-purchased Black 444 pigment slightly above 1 % 
reflection (Figure 16). 
All the calcined powders with added metal species have a higher reflection of 
visible light ranging from 5 % to 6.5 %. The higher reflectivity of the calcined 
samples is due to the segregation of metal oxide phases and crystal growth, which 
occurs at the calcination temperature, and to the formation of new phases or doping of 
the spinel structure.  
 
Figure 16. Visible light reflection spectra of reference (plain black chart), 
commercial pigment Black 444 (B444) and calcined pigments with the addition of 
metals. 
In conclusion, the results show us that calcination of the pigment Black 444 at 1000 
°C in air alone or with the small concentration of transition metal ions will change its 
optical properties, which results in a reduction of the solar absorptance. 





























4.1.2 Crystal phase structure of calcined pigment products 
The spinel CuFe0.5Mn1.5O4 has a cubic crystal system and belongs to the Fd-3m 







which crystallizes with the same atomic structure as the mineral spinel MgAl2O4. The 
spinel structure consists of divalent and trivalent metal cations and anions. The anions 
can be chalcogens (X = O, S, Se, Te), halides, nitrides, cyanides and nitrites .
118
 There 
are 96 interstices between the anions in the unit cell, of which 64 are tetrahedral and 




 In normal spinel, divalent cations occupy the tetrahedral sites and trivalent cations 
occupy the octahedral sites. In inverse spinel, divalent ions occupy half of the 
octahedral sites, and half of the trivalent cations occupy tetrahedral sites.
120
  
Most spinels have cations arranged somewhere in between the extremes of the 
normal and inverse spinel.
119
 Whether the spinel-type is normal or inverse depends on 
the crystal field stabilization energies (CFSEs) of the spinel’s cations. The CFSE is 
the increase in stability achieved by the preferential filling of the lower-lying d levels 
compared to random occupancy of all five d levels.
121
  
The CFSE for the d0 to d10 configurations can then be used to calculate the 
octahedral site preference energies (OSPEs), which are defined as the CFSE of the 
octahedral site subtracted by the CFSE of the tetrahedral site.
122
  
The calculated OSPE values for some transition-metal ions in the spinel were 
reported in the literature.
123
 The values are 15.6 kcal/mol for Cu
2+
, 25.3 kcal/mol for 
Mn
3+
 and zero for Fe
3+
. According to CFSE theory and the OSPE, the spinel 
CuFe0.5Mn1.5O4 has an inverse spinel structure because Cu
2+ 
has a higher OSPE than 
Fe
3+ 
and therefore occupies the octahedral sites instead of the tetrahedral sites. Since 
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the OSPE of Fe
3+
 is zero, which is the lowest of all cations, it has no site preference 
and occupies the tetrahedral sites.
124
 
 A conventional cubic unit cell of spinel is formed from four primitive unit cells, 
which consist of two molecular AB2X4 units. Therefore, eight formula units build a 
cubic unit cell, which then has 32 anions and 24 cations.  
The CuFe0.5Mn1.5O4 lattice constant is 8.41 Å. The ionic radii of the cations in 
commercial pigment Black 444 are 49 pm for Fe
3+
 in a tetrahedral coordination, 73 
pm for Cu
2+
 and 64.5 pm for Mn
3+
 (both octahedral coordination).
125
 The manganese 
and iron ionic radii are of a high spin state because O
2-
 is a weak field ligand.
126
 From 
these data we can also conclude that a smaller tetrahedral site is occupied by smaller 
Fe
3+
 rather than larger Cu
2+
. The oxygen anion has an ionic radius of 138 pm in 
tetrahedral coordination and 140 pm in octahedral coordination.
125
  
The nature of the bonds between the atoms in the spinel depends on the difference 
in the electronegativity of the atoms.
127
 The bonds are mixed covalent and ionic and 
when the difference is higher, the bond is more ionic. The fraction of covalent 
bonding (FC) can be estimated from the equation:  
                                                         FC = e(−0.25ΔE
2)                                      (4) 
where ΔE is the difference in electronegativity of the bonded elements. The calculated 
values for the pigment spinel structure are provided in Table 7.  
Table 7. Fraction of covalent bonding between atoms in CuFe0.5Mn1.5O4 spinel. 
Bond Fraction covalent (%) Fraction ionic (%) 
Cu-O 55.3 44.7 
Fe-O 52.3 47.7 
Mn-O 40.9 59.1 
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The bonding between Cu-O is slightly more covalent than that between Fe-O, 
whereas the Mn-O bond is more ionic. The nature of the bonds in the spinel pigment, 
which is the result of electronegativities of constituent atoms, can be an important 
factor in determining the mechanism of substitutional or interstitial doping.          
The X-ray diffractograms of the commercial and doped calcined spinel pigment 
crystals are shown in Figure 17. Diffractogram A represents the received spinel 
pigment Black 444 and B represents the same pigment calcined at 1000 °C in an air 
atmosphere for 24 hours. The peaks with indexed planes (111), (220), (311), (222), 





Figure 17. XRD spectra of the as-purchased pigment Black 444 (A), annealed 
pigment Black 444 (B) and samples of the same pigment with a 3 wt.% addition of 
metal species (C = Al, D = Fe, E = Ni, F = Mo, G = Cr) with the reported formed 
crystal phases.  



























































































For the calcined samples, we observe a slight shifting of the peaks to lower Bragg 




According to Paudel et al., metal-on-metal anti-site substitutions are the leading 
cause of atomic disorder in spinel.
130
 The radii, electronegativity and oxidation state 
of the ions are the most important factors in spinel compounds and are responsible for 
the interionic separations, chemical bond properties and lattice parameters.
131
As the 
crystallite size can influence the solar absorptance, the mean size of the crystallites 
was calculated using the Scherrer equation:  
                                                   Dhkl =
Kλ
Bhkl cosθ
                                                     (5) 
 
where Dhkl is the crystallite size in the direction perpendicular to the lattice planes, 
subscripts h, k, and l are the Miller indices of the planes being analyzed, K is a 
numerical factor referring to the crystallite shape,
132
 λ is the wavelength of the X-rays, 
Bhkl is the width (full-width at half-maximum) of the X-ray diffraction peak in radians 
and  θ is the Bragg angle.
133
 A value of 0.89 for the constant K was taken from the 
literature.
134
 The crystallite sizes for all samples, calculated using equation (5), are 
presented in Table 8, where growth of crystallite size is shown after calcination at 
high temperature (B-G). 
In oxidizing conditions, spinel is in equilibrium with binary oxides
135
 such as 
Fe3O4, Cu2O and MnO, which is confirmed by the recognized phases in diffractogram 
B (calcined pigment Black 444). When spinel compounds are grown at high 
temperatures using binaries, the number of cation vacancies decreases and the anti-









Table 8. Average crystallite sizes of samples A-G, calculated using the Scherrer 
equation. 
Sample Added ions Crystallite size (nm) 
A / 18 
B / 64 
C Al3+ 43 
D Fe2+ 65 
E Ni2+ 54 
F Mo4+ 33 
G Cr3+ 57 
 
The peaks in diffractogram B are narrower and more intense than those of the non-
calcined pigment (diffractogram A) due to the calcination, which means a higher 
crystallinity of the pigment particles.
136
 This diffractogram has additional peaks for 
the Fe3O4, Cu2O and MnO phases due to the segregation of Fe, Cu and Mn from the 
spinel crystal phase. Diffractograms C, D, E, F and G have 3 wt. % additions of Al, 
Fe, Ni, Mo and Cr, respectively, and were calcined using the same procedure as that 
of sample B.  
Whether guest ions go to interstitial or substitutional sites in the spinel crystal 
lattice depends on the size and valence of these ions compared to the host ion.
127
 
Interstitial defects are less likely due to a lack of available space, because alternating 
(001) planes in spinel have exclusively tetrahedral or octahedral sites and can only 
share vertices with each other in intervening planes.
120
 An extra cation in an 
interstitial position also leads to metal-metal bonding or metal-oxygen under-bonding, 
which is energetically less favorable.
135
 The ionic radii of the introduced cations are 
61.5 pm for Cr
3+
, 60 pm for Ni
2+
, 53.5 pm for Al
3+










The success of substitutional doping using the solid-state reaction method strongly 
depends on the radii of the original and dopant ions. If the dopant ion has a larger 
radius than the original ion, lattice distortions are created in the spinel and such ions 
cannot completely substitute the ions in the spinel, which leads to the formation of 
impure phases. Ions with a larger radius occupy grain boundaries instead of the spinel 




The diffraction patterns D, E and G in Figure 17 with the addition of the Fe, Ni and 
Cr ions, respectively, do not have any additional phases in comparison with that of 
diffractogram B (commercial calcined pigment). XRD results indicate that the added 
metal ions diffused into the spinel crystal structure and substituted the original cations 
(Cu, Mn or Fe) in the commercial B444 pigment. This conclusion is confirmed by 
particle EDXS mappings, the results of which follow in the next chapter. 
Diffractogram D in Figure 17 shows diffraction peaks for pigment doped with iron, 
which is according to the diffractogram the purest cubic spinel phase of all the 
samples without any additional metal oxide segregated phases. More details on the 
particles are shown in the next chapter.  
Additional metal oxide phases are not present in the sample, which could lead us to 
conclude that the addition of iron to the Black 444 pigment promotes the formation of 
the spinel phase from the segregated Fe3O4, Cu2O and MnO phases, which are 
observed in the commercial calcined Black 444 pigment sample (diffractogram B in 
Figure 17). The OSPE for Fe
3+
 is zero, which means that there is no site preference 
and the ions can occupy the tetrahedral and octahedral sites. 
 The OSPE for Ni
2+ 
(diffractogram E in Figure 17) is 22.8 kcal/mol, which is higher 
than that of Cu
2+ 
and lower than that of Mn
3+
, which in turn indicates the Ni
2+ 
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 in the spinel crystal lattice. This result was also confirmed via 
EDXS analyses, which revealed copper segregation (Figure 22).   
 The OSPE for Cr
3+ 
(diffractogram G in Figure 17) is 46.7 kcal/mol. This result 
means that there is a strong preference for the octahedral site and therefore the 
substitution of Cu
2+
, because copper (II) ions have a lower OSPE than manganese 
(III) ions. In addition, copper segregation is observed in the EDXS map of the same 
sample in Figure 24.  
The samples in diffractograms C and F formed new spinel phases, Al2CuO4 and 
MnMoO4, respectively. Al
3+




, and formed the 
new spinel phase Al2CuO4 instead of substituting the cations in CuFe0.5Mn1.5O4. The 
formation of the Al2CuO4 spinel phase was confirmed from the TEM diffraction 
pattern and EDXS analysis (Figure 20).  
Mo
4+




 and forms the new spinel phase 
MnMoO4, which is shown in diffractogram F. The TEM diffraction pattern of the 
same sample with a MnMoO4 phase and the EDXS maps are shown in Figure 23. 
Finally, the crystal phase structure analysis of calcined pigment products showed us 







ions. The addition of other transition metals resulted in the formation of new crystal 








4.1.3 Nano-resolution pigment particle morphology and distribution of 
elements 
To further investigate how the incorporation of the added metallic ions occurs, the 
pigment powders were analyzed with transmission electron microscopy and chemical 
analysis. In Figure 18, STEM HAADF and BF imaging along with EDXS chemical 
mapping of the as-purchased pigment Black 444 show the morphology and elemental 
distribution of the particles, respectively. The chemical mapping displays a uniform 
distribution of Cu, Fe, Mn and O (Figure 19a). However, a closer analysis of the grain 
structure revealed that the distribution of Cu and Fe is not homogenous in some 
regions (Figure 19b).  
 
Figure 18. (a) STEM HAADF and (b) STEM BF images of the as-purchased 
CuMn1.5Fe0.5O4 particles with (c) EDX spectra and (d) EELS signal showing the 
edges corresponding to O, Mn, Fe and Cu. (e) Diffraction pattern and (f) atomic 
model structure of the copper manganese iron oxide spinel (O-red, Cu-blue, Fe-
yellow and Mn-magenta).  
The crystallites of the as-purchased Black 444 pigment show a round shape and an 
agglomerate morphology. The average grain size is approximately 30 to 40 nm. The 
200 nm 
Luka Noč 




crystal structure corresponds to a cubic spinel, as observed via XRD and electron 
diffraction (Figure 18). 
 
Figure 19. (a) HAADF and BF images along with EDXS maps of some of the as-
purchased CuMn1.5Fe0.5O4 particles. (b) HAADF image and EDXS chemical map with 
closer inspection of a region of particles showing a non-homogenous distribution of 
Cu and Fe. 
When incorporating Al into the powder, the CuMn1.5Fe0.5O4:Al
3+
 particles exhibited 
the segregation of Al in some grains, as observed in Figure 20. The chemical mapping 
from Figure 20a reveals the absence of Fe and Mn in the regions where most of the Al 
signal is detected.  
 Additionally, pores were observed in the same regions that the Al was segregated. 
These results suggest that when Al is incorporated into the structure, pores are formed 
in the particles by the depletion of Fe and Mn, leading to the formation of the 
Al2CuO4 phase (Figure 20b, d). The morphology of the modified powder is shown in 
Figure 20c, where the different sizes and shapes of the crystallites are observed. In 
Figure 20d and Figure 20e, the diffraction pattern and high-resolution image of the 









Figure 20. (a) HAADF image and EDXS maps of CuMn1.5Fe0.5O4:Al
3+
 particles. (b) 
HAADF image and EDXS maps of an Al2CuO4 particle. A porous morphology is 
observed. Additionally, there is some segregation of Mn and Fe in some regions. (c) 
Agglomeration of particles in which some particles show a porous morphology. (d) 
Conventional TEM image and diffraction pattern taken from a region of the particle 
on the [101] zone axis corresponding to Al2CuO4. (d) High-resolution image of the 
spinel structure close to the [101] zone axis. 
In Figure 21, the EDX chemical mapping of CuMn1.5Fe0.5O4:Fe
2+
 shows that Fe is 
not incorporated with the other elements of the B444 pigment in the particle. Copper, 
or any other element, segregation was not observed in the EDXS mapping (Figure 
21). Additional metal oxide phases are not present in the sample, which could lead us 
to conclude that the addition of iron to Black 444 pigment promotes the formation of 
the spinel phase from segregated Fe3O4, Cu2O and MnO phases, which are observed 
in the commercial calcined Black 444 pigment sample (diffractogram B in Figure 17). 
The OSPE for Fe
3+
 is zero, which means that there is no site preference and the ions 
can occupy tetrahedral and octahedral sites. 
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Figure 21. (a) and (b) HAADF images and EDXS maps of CuMn1.5Fe0.5O4:Fe2+ 
particles. (c) High-resolution HAADF image of spinel structure oriented along the 
[101] direction. (d) EELS signal showing edges from O, Mn, Fe and Cu. (e) EDX 
spectra displaying peaks from O, Mn, Fe and Cu. 
In Figure 22a, the EDX chemical mapping of CuMn1.5Fe0.5O4:Ni
2+
 shows that Ni is 
incorporated with the other elements of the B444 pigment in the particle.  
However, in some regions, Cu nanoparticles are found on the surface, and in some 
cases, larger grains with a high Cu content are formed (Figure 22b and c). This result 
could imply that Cu segregates in the form of nanoparticles as Ni is incorporated into 
the structure or segregated in the larger grains. 
While this phenomenon was observed in some regions of the particles, it was not 
the case for all the regions, and Cu seemed to be homogeneously distributed over the 
particles, as shown in Figure 22a. The morphology of the particles changed drastically 
after the incorporation of the metallic ion, from a round shape and agglomerated 
particles in the powder B444 pigment to coarse, large and sharp crystallites in the Ni-
modified B444 pigment. 
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Figure 22. (a) HAADF image and EDXS maps of a CuMn1.5Fe0.5O4:Ni
2+
 particle. (b) 
Several Cu nanoparticles observed on the surface of the structure. (c) HAADF image 








 and forms the new spinel phase 
MnMoO4, which is shown in diffractogram F. The TEM diffraction pattern of the 
same sample with a MnMoO4 phase and the EDXS maps are shown in Figure 23. For 
CuMn1.5Fe0.5O4:Cr
3+
, a good distribution of chromium was observed in the structure 
of the B444 pigment, with the exception of some grains where no Cr was detected. 
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Figure 23. (a) and (b) HAADF images and EDXS maps of CuMn1.5Fe0.5O4:Mo
4+
 
particles. In (a) Mo, Mn, O can be distinguished on some spots, whereas in (b) Mo 
seems to be incorporated along with the other elements; however, some Cu 
segregation can also be observed. (c) Diffraction pattern showing rings 
corresponding to two phases: MnMoO4 and black pigment B444. (d) Small grain of 
MnMoO4 oriented along the [-110] direction. (e) EEL spectra of a region where the 
edges only show Mn, Mo and O. (f) EEL spectra of a region where the edges show the 
presence of Mn, Mo, O and Fe, but absence of Cu.  
In Figure 24a, EDXS chemical maps show the distribution of Cu, Fe, Mn, O and Cr 
on a particle. In Figure 24b, the morphology of the grains also shows a different shape 
from that of the B444 pigment, having larger and coarse crystallites. 
In Figure 24c, the rings in the diffraction pattern have been indexed in accordance 
with the cubic (Fd-3m) structure of the copper iron manganese chromium oxide 
(Cu0.86Cr0.14Mn1.5Fe0.5O4) compound. An EELS spectrum taken from a thin region 
shows the edges corresponding to O, Cr, Mn, Fe and Cu, confirming the incorporation 
of Cr in the structure (Figure 24d).  
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Figure 24. (a) HAADF image of CuMn1.5Fe0.5O4:Cr
3+ 
particles and EDXS elemental 
maps. (b) HAADF image of larger CuMn1.5Fe0.5O4:Cr
3+ 
particles. (c) Diffraction 
pattern corresponding to CuMn1.5Fe0.5O4:Cr
3+ 
particles. (d) EELS of a section of the 
particles showing the elements present. 
In conclusion, the TEM EDXS elemental maps revealed the detailed distribution of 
chemical elements within the particle from each sample. Diffraction patterns from 





resulted in the spinel doping, whereas with the addition of 
Fe
2+
 pure iron crystals were observed. The addition of other transition metals resulted 
in the formation of new crystal phases.  
4.1.4 Experimental and calculated infrared spectroscopy analysis 
The experimental FTIR spectra of all the modified pigment samples are shown in 
Figure 25, and of the calcined Black 444 pigment doped with Cr
3+
 in Figure 26, where 
besides the experimental, the calculated spectra are also presented. There are four 
infrared vibrations in a normal cubic spinel-type structure with the 𝑂7
ℎ − 𝐹𝑑3𝑚  space 




















The latter two bands were not recorded in our experimental spectra due to the KBr IR 
wavelengths’ cut off. The experimental spectrum of the calcined commercial pigment 
Black 444 shows the absorption bands ν1 = 577 cm
-1
 and ν2 = 474 cm
-1
 (Figure 26). 
 
Figure 25. FTIR spectra of commercial pigment Black 444 (black), the same pigment 
calcined at 1000 °C for 24 h in air (red) and the calcined pigment with the addition of 
Al (blue), Fe (green), Ni (violet), Mo (yellow) and Cr (cyan). All spectra were 
measured in absorbance mode with the KBr technique. 
 Previous studies have shown that, for the inverse spinel, ν1 and ν2 are associated 
with vibrations in the octahedral and tetrahedral cluster, respectively.
140
 In the 
pigment sample doped with Cr ions, we observed a blueshift of the absorption bands 
to ν1 = 582 cm
-1 
and ν2 = 478 cm
-1
.  
  In addition to the experimental data, simulated spectra for the commercial and 
Cr
3+
-doped pigments were calculated and compared to the experimental spectra 
(Figure 26) to understand the diffusion of ions into the spinel crystal structure. The 
matching experimental and calculated absorption bands are designated with red 
arrows. There is a small deviation in the absorption of the 1 band of the commercial 






















reference pigment spectrum from the calculated one, which might be due to the 
presence of impurities in the commercial pigment (Figure 26).  
 
Figure 26. Experimental and simulated FTIR spectra of calcined commercial Black 
444 pigment and Cr-doped Black 444 pigment. The spectra simulate four doping 
mechanisms, which are substitution of the original atom with the dopant Cr
3+
 in the 
tetrahedral site and the octahedral site and the interstitial doping of Cr
3+
 in 
tetrahedral and octahedral voids in the pigment cubic spinel lattice. The best match of 
the experimental spectrum with the simulation was for the spectrum of interstitial 
doping of the octahedral site (marked with red arrows).  
In the simulated spectra, four possible doping mechanisms were investigated. Two 
of these were Cr substitution of either tetrahedral or octahedral Cu and the other two 
were the insertion of Cr in the available tetrahedral or octahedral voids (Figure 26). 
The calculated spectra were compared to the experimental spectrum to find the best 
match and determine which one of the possible mechanisms is most likely to occur 
during the experiment. It is suggested that the two high-intensity peaks arise from the 
absorption of the highest-valency cation.
141
 If the spinel is normal, then both high-
intensity peaks come from the vibrations of the octahedral cluster.  


















 Cr substitutes tetrahedral Cu (calculated)   CuMn1.5Fe0.5O4 (calculated) 
 Cr occupies tetrahedral voids (calculated)   CuMn1.5Fe0.5O4 (experimental)  
 Cr substitutes octahedral Cu (calculated)      
 Cr occupies octahedral voids (calculated)   Cu0.86Cr0.14Mn1.5Fe0.5O4 (experimental)
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For all the calculated samples (Figure 26) it is expected that spinels are responsible 
for 4 or more absorption bands, depending on symmetry, but since the KBr IR 
wavelengths’ cut offs were taken into account, we see only the ν1 and ν2. This feature 
is readily explained by group-theory analysis, which predicts an increase from 4 to 21 
infrared active modes when the symmetry decreases from Fd3m to P4332.
139
 
Moreover, if we hypothetically insert Cr
3+
 into the tetrahedral position, we observe a 
redshift of the 1 band from 602 to 570 cm
-1
. Furthermore, when we exchange some 
Cu ions in the octahedral positions with Cr
3+
, we consequently observe the 1 band 





More evident changes in the calculated spinel spectrum are observed in the 2 band 
position related to the trivalent ion position in either the tetrahedral or octahedral 
coordinated position. At the equilibrium of the reference spinel we observe the 1 
band splitting, confirming that the trivalent Mn
3+
 ions occupy the octahedral position 
and Fe
3+
 occupies the tetrahedral coordinated position.  

















Cr substitutes octahedral Cu (calculated) 
Cr occupies tetrahedral voids (calculated) 















In the experimental spectrum of the reference spinel sample, the band below 400 
cm
-1
 is already blurred because of the KBr cut off. A comparison of the calculated and 
experimental spectra is then, in our case, expressed by the absorption bands over 400 
cm
-1
 and the results are presented in Table 9. 
From the calculated spectra, a blueshift of the ν1 band is observed when the Cr ions 
are inserted into the octahedral voids. A similar shift was observed in the FTIR 
spectra when we increased the amount of Cr (Figure 27). In addition, pigments doped 
with a different concentration of Cr
3+ 
were synthesized to study the effect of the 
dopant concentration on the FTIR spectrum’s absorption band shifts (Figure 27).  
 
Figure 27. FTIR spectra of commercial (black) and Cr-doped Black 444 pigments 
(Cu1-xCrxMn1.5Fe0.5O4), where x=0, 0.25, 0.50, 0.75 and 1. 
With a higher dopant concentration, the absorption bands are more intense, and they 
are blue-shifted compared to the commercial pigment spectrum. The absorption peak 
ν1 at 580 cm
-1
, which is associated with an oscillation of the [MO6] octahedron for the 
trivalent cation, increases in intensity with increasing Cr
3+
 content. The absorption 
peak ν2 is assigned to an oscillation in which the trivalent cation is involved in either 
the tetrahedron or the octahedron.
139
 Increasing the Cr
3+
 content in the 
CuMn1.5Fe0.5O4 inverse spinel causes a transition to the normal spinel, an increase in 


























the absorption band’s intensity, and causes a blue-shift and the narrow shape of the ν2 
absorption band.  
In conclusion, the experimentally measured FTIR spectra of pigment Black 444 and 
Cr-doped pigment Black 444 were compared with simulated FTIR spectra obtained 
by applying the first principles density functional theory. Four different scenarios 
were simulated, dependent on where Cr ion would be placed after calcination. The 
best match with experimental spectra was observed to be the one where Cr ions go to 
the octahedral voids in the pigment Black 444 spinel crystal lattice.  
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4.1.5 POSS-functionalized spinel pigment particles 
Black 444 pigment particles were functionalized with POSS in order to make the 
diffusion barrier layer. In Figure 28, the FTIR ATR spectrum of the oven-dried 
pigment Black 444, the spectrum of glycidyl POSS functionalized pigment Black 444 
and the spectrum of the functionalized pigment Black 444 after annealing are 
presented. The absorption peaks at 578 cm
-1
 and 473 cm
-1
 represent the characteristic 
M–O bond in the spinel structure shown in Figure 28(a).
142,143,144
 The characteristic 
spinel-band positions and intensities do not change after modifying the pigment. 
 
Figure 28. FT-IR spectra of (a) uncoated pigment Black 444, (b) Glycidyl POSS-
coated pigment 444 before and (c) after heat treatment at 700 °C in an oxygen 
atmosphere for one hour. The absorption peaks at 578 cm
-1
 and 473 cm
-1
 represent 
the characteristic M–O bond in a spinel structure. The silicon oxide absorption bands 
occurring between 830 and 1250 cm
-1 
are generally interpreted as fundamental 
asymmetric Si−O and Si-O-Si stretching vibrations. The absorption band for nano-




In Figure 28(b) the Black 444 pigment nanoparticles coated with a thin layer of 
glycidyl POSS molecules show silicon oxide absorption bands occurring between 830 
and 1250 cm
-1
, which are generally interpreted as fundamental asymmetric Si−O and 
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 The absorption band for the nano-sized silicon 





Figure 28(c) represents the same particles after annealing at 700 °C in an oxygen 
atmosphere for one hour. The shift is reversed for the annealed sample. It is presumed 
that this occurs because of the shorter and stronger bonds due to the densification of 




A TG-MS analysis shows a sample mass loss of 3.04 %, which is mostly due to the 
oxidation of the glycidyl side groups attached to the POSS molecule, with the minor 
mass loss attributed to water desorption and dissociation. Figure 29 shows the 
thermogravimetric analysis in air of the POSS-coated pigment particles with the mass 
spectra of the fragments of the decomposition products.  
 
 
Figure 29.TG-MS analysis of the Black 444 pigment coated with a glycidyl POSS 
monolayer.  
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The calculated mass ratio between the glycidyl POSS layer and the pigment 
particles was 4.63%, as calculated from the determined thermogravimetric mass loss, 
which was 1.09 mg (Figure 29). 
An examination of the mass-spectrometry data shows the oxidation of the glycidyl 
groups and water desorption. Signals for fragments with m/z = 12 and m/z = 44 
appear at 280 °C; these are due to C and CO2, respectively, and appear due to the 
oxidation of the organic groups. At 320 °C there is a peak for fragments with m/z = 
17 and m/z = 18 due to crystalline water desorption. The published temperature-
programmed desorption measurements of the water/iron oxide system reveal a broad 
multi-component desorption peak extending from -73 °C up to 77 °C, with the small 
peak at 247 °C linked to the recombinative desorption.
147
  
The nanostructures of pigment particles coated with the glycidyl-POSS monolayer 
are shown in Figure 30. The morphology of the coated pigment nanoparticles is 
shown with TEM bright-field images in Figure 30(a, b). The thickness of the 
monolayer glycidyl-POSS coating was measured to be 1.8 nm, as shown in Figure 
30(a).  The size of the POSS molecule varies from 1 to 3 nm, which indicates that the 
nanoparticles are coated with a POSS monolayer. The composition of the monolayer 
coating on the surface of the pigment nanoparticle was investigated with EELS and 
presented in Figure 30(c). The presence of silicon and carbon in the monolayer is 
confirmed. The edge at 99 eV shows the silicon L23 signal, and the edge at 284 eV 
shows the detected carbon K signal. After annealing, the thickness of the POSS 
coating can reduce slightly in size to 1.5 nm, as shown in Figure 30(e). It is observed 
in Figure 30(f) that a uniform POSS layer is covalently bonded to the surface of the 
pigment after the annealing. The EELS spectrum after the annealing in Figure 30(g) 
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shows that the layer still consists of Si and C, but that the carbon content is lower, as 
expected after the oxidation of organic side groups attached to the SiO2 POSS cage.  
   
(a) (b) (c) 
   
(e) (f) (g) 
Figure 30. TEM bright-field images of (a) thickness of the shell and (b) morphology 
of the core-shell pigment particle, and (c) electron-energy-loss spectrum (EELS) of 
glycidyl-POSS monolayer before calcination. STEM bright-field images showing the 
thickness of the coating in (e) and the particle morphology in (f). EELS of monolayer 
(g) was determined again after the calcination of the sample for 1 h at 700 °C in air. 
POSS monolayer is still present after calcination, indicating that it is covalently 
bonded to the pigment surface. The Si:C ratio changes after calcination, due to the 
oxidation of organic glycidyl groups to CO2 and H2O.  
The results of the EDXS mapping after the annealing are presented in Figure 31, 
where the analyzed POSS functionalized pigment particles are shown in (a) bright 
field and (b) annular dark field. Figure 31(c-f) shows the uniform distribution of the 
Cu, Mn, Fe and O elements, with the structure of a characteristic cubic spinel crystal 
structure. Figure 31(g, h) presents the spectra of Si and C of the POSS coating with 
organic residues. The Si signal in Figure 31 shows a uniform distribution, implying 
that the entire surface of the pigment particle is covered with POSS.  
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Figure 31. STEM bright-field and dark-field images of (a-b) coated Black 444 
particle for EDXS mapping, showing the chemical element distributions over the 
particle for Fe, Cu, Mn and O of the spinel phase (c-f). Silicon and carbon 
distributions of the coated layer are shown in (g, h), respectively. 
XPS spectra were deconvoluted into possible peaks, and possible connections to the 
specific chemical bonds are indicated in Figure 32. The binding energy in the 102.1–
102.5 eV range indicates a C-Si-O bond in Figure 32(a, c), whereas the binding 
energy of ~530 eV indicates Mn-oxygen bonds and a binding energy of ~532 eV 
indicates C-O, Si-O, H2O or OH bonds in Figure 32(b, d). It is evident that the surface 
of the annealed samples exhibits a large number of hydroxyl groups on the surface 
because we can observe a peak at ~532.5 eV. This phenomenon offers a build-up of 
new layers and covalent incorporation into the resin binder. In addition to Mn, XPS 
spectra showed the presence of Cu and Fe elements. 
 The unannealed sample shows a considerable C concentration, which originated 
from the POSS layer Figure 32(b). The presence of the POSS layer confirms the 
signal that is characteristic for Si. The XPS binding for the Si 2p signal is 102.5 eV, 
indicating the presence of C-Si-O bonds in Figure 32(a, c).  
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Due to the oxidation of the organic side groups, the sample in Figure 32(d) annealed 
to 700 °C shows a smaller concentration of carbon than the unannealed sample. The 
lower concentration of Si in the annealed sample shows that the POSS layer has 
changed and that the Si reacted with MnO. The binding energy in the XPS spectrum 





Figure 32. XPS spectra of powder pigment Black 444 particles coated with POSS 
monolayer before annealing (a, b) and after annealing at 700 °C (c, d). The binding 
energy in the 102.1–102.5 eV range indicates a C-Si-O bond (a, c), whereas the 
binding energy of ~530 eV indicates Mn-oxygen bonds and a binding energy of ~532 
eV indicates C-O, Si-O, H2O or OH bonds (b, d). 
To summarize this chapter, the spinel pigment Black 444 particles were 
successfully functionalized with the POSS diffusion barrier layer, which was proven 
to be stable at a high temperature of 700 °C in the air. That shows that this layer can 
effectively protect the pigment from damaging high-temperature diffusion from the 














4.2 Preparation of coatings 
4.2.1 Visual evaluation and thickness of coated samples 
The calcined and reground pigment powders, described in Chapter 4.1, were used to 
prepare paints. The photographs of spray-coated samples were taken after thermal 
curing (Figure 33).  
   
   
Figure 33. Spray-painted polished Inconel 617 substrates with paints containing 
commercial pigment Black 444 and the same pigment with a 3 wt. % addition of Al, 
Fe, Ni, Mo and Cr. 
As already observed in the pressed calcined pigments, the coatings also differed in 
terms of the shades of black and gray. The thicknesses of the applied coatings after 
the curing are presented in Table 10. 
Table 10. Dry thicknesses of cured coatings made with commercial and modified 
pigments.  
Pigment 














4.2.2 Surface morphology of coatings after curing 
The morphology of a 20 × 20 µm
2
 surface area of coated samples was investigated 
using an atomic force microscope (AFM) and the results are shown in Figure 34.  
   
   
Figure 34. AFM surface-topology images of coatings, where the analyzed area is 400 
µm
2
. AFM analysis was made after the curing of sprayed coatings made with different 
pigments: commercial pigment Black 444 (a) and the same pigment with a 3 wt. % 
addition of Al (b) Fe (c) Ni (d) Mo (e) and Cr (f).  
The AFM was performed after 300 hours of thermal aging, because after that time 
the αS and εT values reached a stable plateau (Figure 35 and 36). The root-mean-
square roughness (Rrms) values of the samples are presented in Table 11.  
Table 11. Root-mean-square roughness (Rrms) values of the paint coatings. 
Pigment 
dopant None Al Fe Ni Mo Cr 
Rrms 
(nm) 1133 1154 1485 1711 1436 740 
 
Evidently, the Cr-doped coating has the lowest Rrms and thermal emittance values 
(Figure 36), because the thermal emittance is a surface property that depends upon the 
(c) (b) (a) 
(f) (d) (e) 
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surface roughness of the coating.
148,149
 Karas et al. recently reported that a surface 
roughness from 300 nm to 1 µm increases the UV-NIR light absorption,
150
 which also 
speaks in favor of  the Cr-doped Black 444 coating. 
4.2.3 Optical properties of initial and thermally aged coatings 
The reflectance spectra of all the samples were measured after coating curing and at 
the regular intervals during the isothermal aging test at 800 °C. The values of αS and 
εT were calculated from the measured spectra and are presented in Figure 35 and 36. 
B444 is a spectrally non-selective paint, prepared with the commercial pigment Black 
444, and has a high αS of 96.7 % and a high εT of 95 % after curing.  
 
Figure 35. Solar absorptance (αS) values of solar absorptive and spectrally selective 
sprayed coatings, made with as-purchased and doped Black 444 pigment. Samples 
were aged in an air furnace in isothermal conditions at 800 °C and the values were 
measured every 7 days at room temperature in air. Values are summarized in 
appendix. 
The solar-absorptance values change the most during the initial 300 hours of the 
thermal aging test (Figure 35), and then tend to stabilize. It is clear that these graphs 



































differ much more from sample to sample. We observe a slight increase in αS from the 
initial values for the B444+Al and B444+Fe samples after 300 hours of thermal 
treatment, whereas for all the other samples the αS values decrease at the beginning of 
the thermal treatment.  
 
Figure 36. Thermal emittance (εT) values of the solar-absorptive and spectrally 
selective sprayed coatings, made with as-purchased and doped Black 444 pigment. 
The samples were aged in an air furnace in isothermal conditions at 800 °C and the 
values were measured every 7 days at room temperature in air. Values are 
summarized in appendix. 
The samples with the highest initial αS have a coating with commercial pigment 
(96.7 %) and Cr-doped pigment (96.5 %). After 1300 hours of thermal aging, the 
samples with B444 (95.5 %) and Al-phase pigment coatings (96.1 %) have the highest 
αS, followed by Fe-doped (95.3 %) and Cr-doped (95.1 %) pigment coatings.  
The trends for changes in εT values with thermal aging are very similar for all the 
samples. All the initial values are lower than the values after the thermal treatment. 
The initial difference in εT between the highest value of the B444 sample (94.9 %) 
and the lowest value of the B444+Cr sample (85.6 %) is 9.4 %. After 1300 hours of 



































and to 89.6 % for the B444+Cr sample. The difference in εT for these aged samples is 
6.5 %, which means that εT increases more for the B444+Cr sample, but remains 
lower than that of the B444 sample. Figure 37 shows the reflectance spectra of the 
coatings with the B444 pigment (violet and blue) and with the B444+Cr pigment 
(green and orange). The spectra were taken before the thermal aging (violet and 
green) and after 1300 hours of thermal treatment at 800 °C (blue and orange). The red 
spectrum represents our goal, which is close to that of the ideal spectrally selective 
coating (dashed line in Figure 37).  
 
Figure 37. Reflectance spectra of coatings with B444 pigment (violet) and B444+Cr 
pigment (green) before thermal aging and after 1300 hours (blue and orange) at 800 
°C. The red spectrum represents our goal, which is close to the ideal spectrally 
selective coating (dashed line). In the background is the reference AM 1.5 spectrum.  
The ideal spectrally selective coating spectrum has zero reflectance at wavelengths 
below 2.4 µm and an immediate transition to full reflectance at higher wavelengths.
23
 
In the background is the reference solar spectral irradiance air mass 1.5 spectrum, 
















































To conclude, the solar absorptance and the thermal emittance results revealed that 
the coating with the Cr-doped pigment had the best spectral selective properties 
before and after more than 7 weeks of isothermal aging test at 800 °C. Because it is 
possible to lower the thermal emittance value more, further experiments with different 
concentrations of Cr would be needed to find the optimal concentration. 
4.2.4  Energy and cost-saving evaluation 
The measured values of thermal emittance can be directly connected to the 
reduction of the energy loss for a real CSP ST plant. First, we must mathematically 
define the heat-transfer process with radiation. The heat transfer of a black body with 
thermal radiation is described by the Stefan-Boltzmann law: 
jb(T) = σT
4          (6) 
where jb(T) is the radiative flux (W m
-2
), σ is the Stefan-Boltzmann constant and T is 
the temperature of a black body.
151
 A real body does not emit the same flux as a black 
body, but a fraction of it. This fraction is called the emittance ε, with values between 
zero and one. For a blackbody, the emittance is one and for real bodies it is less than 
one. Its value is determined by the properties of the surface of the body and its 
temperature 
151
. A gray body approximates the behavior of a real body such as a CSP 
ST receiver, where ε is independent of the wavelength. The radiative flux of a gray 
body without integrating over the wavelength is: 
j(T) = εσT4                     (7) 
With this equation we can calculate the radiative flux j(T) of the CSP receiver at a 
given temperature and the thermal emittance ε of the receiver coating. Because of the 
higher efficiency, the use of an operating temperature of 750 °C is the desired next 








If we use the thermal emittance values for the thermally aged B444 and B444+Cr 
samples, we can calculate with equation (7) that the radiative flux from the CSP ST 
receiver is 4.037 kW m
-2
 smaller if we use the spectrally selective B444+Cr pigment 
for the receiver coating instead of the commercial pigment B444. For a CSP plant 
with a receiver surface area of 1130 m
2
, this result means that 4.56 MW less thermal 
energy is lost due to radiation. The supercritical steam Rankine cycle, which is used 
in CSP plants for thermal-to-electric energy conversion, operates with 45 % 
efficiency and 4.56 MW of thermal energy is converted to approximately 2.1 MW of 
electrical power or 2.1 MJ of electrical energy per second, which is equivalent to 2.1 
MWh of electrical energy consumed in one hour.
152
 The average electricity price in 
the European Union for household consumers for the first half of 2017 was 0.058 
€/kWh.
153
 Multiplying this price by the 2.1 MWh of energy saved using the spectral 
selective coating gives us the value of this energy saved in one hour for a fully 
operating CSP ST plant, which is €121.8. We can assume that the CSP ST plant 
operates for 8 hours per day and if we subtract 35 days in a year due to maintenance, 
cloudy days or sandstorms, this gives us 330 days or 2640 hours of full operation. 
This result means that the Cr-doped coating would save approximately €300,000 in a 
year or €8 million during the 25-year lifetime of the CSP. A detailed calculation with 
numbers is presented below using equations (8) and (9). 
The difference in the radiative heat flow between the receiver coated with 
standard paint and the Cr-doped pigment-based paint can be calculated using the 
Stefan-Boltzmann equation.    
ΔJ(T) = (ε1−ε2) · σ · T
4 · Aabs = 
(0.961 − 0.896)  · 5.670373 · 10−8
W
m2K4
· (1023 K)4 ·  1130m2 = 4.56MW  (8) 
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Here, ε1 is the thermal emissivity of the standard paint, ε2 is the thermal emissivity of 
the Cr-doped pigment-based paint, σ is the Stefan-Boltzmann constant, T is the 
temperature of the absorber and Aabs is the absorber surface area.  To calculate the 
money saved every year because of the lower emissivity of the receiver, we must 
multiply the efficiency of the conversion of heat to electricity (ηRankine) by the saved 
heat energy, the annual time of full operation of the ST-CSP and the electricity price 
(pel).  
Msaved yearly = ηRankine ·  ΔJ(T) · t · pel = 






  =  € 314 202                         (9) 
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4.2.5 Thermal aging of bare substrate  
Because future CSP tower receivers will be exposed to temperatures higher than 
800 °C, the receiver surface will be prone to rapid oxidation, resulting in surface-
roughness and thermal-emittance increases and a thermal conductivity decrease. 
   
   
   
Figure 38. SEM surface images of mirror-finish polished Inconel 617 substrate prior 
to high-temperature exposure (0h) and analysis of oxide growth each hour after 
exposed to 800 °C in an air furnace. 
Inconel 617 substrates exposed to high-temperature oxidation in air show rapid 
growth of chromium oxides on the surface (Figure 38). The observed difference in the 
surface roughness and oxide distribution consequently causes an increase in the εT 
(Figure 41), coating degradation and delamination.
154
  
The initial sample is polished, but with every hour of exposure, the oxide grains are 
growing and cover more area on the surface, forming a dense oxide layer. Detailed 
Raman spectra (Figure 39) revealed the nature of the oxide species on the Inconel 617 
100 μm 100 μm 100 μm 
100 μm 
100 μm 100 μm 100 μm 











surface after 1, 3 and 6 hours of high-temperature exposure. After the first hour, 
Cr2O3, CrO2, CrO3/Cr8O21 are present on the surface, but with a prolonged test in the 
furnace, oxide crystals are growing and the CrO3/Cr8O21 transforms into Cr2O3.
155
 A 
further analysis of the oxidation on the surface was made by means of near-grazing-
incidence angle (NGIA) FTIR spectroscopy.  
 
 
Figure 39. Raman spectroscopy analysis of samples exposed to elevated temperature 
for 1, 3 and 6 hours reveals different chromium oxide species on the surface:   Cr2O3 
– green, CrO2 – blue and CrO3/Cr8O21 – pink.
155
 Longer exposure shows the 











The obtained spectra show two major absorption bands, ν1 at 532 cm
-1
, which is 
assigned to the Cr2O3 (Eu) vibrational mode and ν2 at 735 cm
-1
  to the LO phonon 
vibrational mode of Cr2O3.
156,157
 Due to the increase of the oxide thickness with time 
of exposure, the bands are gaining in intensity and a slight redshift of ν1 is observed 
(Figure 40). It is evident from Figure 41 that the surface oxide thickness increases 
with high-temperature exposure time, resulting in an alteration of hemispherical 
reflectance measurements. 
 
Figure 40. Oxidation of Inconel 617 surface starts immediately after its exposure to 
elevated temperatures. As a result of surface oxidation a thin layer of Cr-oxide 
species is formed at the surface, resulting in an optical properties alteration. The 
bands at 735 cm
-1
 and 532 cm
-1 




That means an increase of εT, which causes a decrease of the CSP receiver efficiency, 
as is evident from equation 3. Expertise in early-stage oxidation, followed by elevated 
temperature oxidation, is thus important for the development, construction, curing and 
operation of CSP coatings with low thermal emittance, as oxide growth is correlated 
with an emittance increase and an adhesion loss. 
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Figure 41. Energy loss as a function of temperature can be predicted via an optical 
properties evaluation. We observed the deviation of thermal emittance values as the 
result of surface structure composition, surface roughness, and oxide thickness 
growth. 
4.2.6 Thermal aging of coated substrate 
An industrial grade HSA coating (initial absorptance  97%) with low thermal 
degradation was evaluated, as the coating should be used on one of the planned CSP 
tower systems by a leading industry partner. Therefore, the slow growth of the 
protecting oxides is expected for the studied coating/substrate system, which 
influences the lifetime prediction. The initial coating acceptance uniformity of the 
samples was selected based on a visual examination and the initial solar absorptance 
(αS) values. Only a narrow window (αS = 97% ± 0.3) of the samples was selected for 
the lifetime-assessment testing.  
As in the field with the first heat flux, the samples were cured before the start of the 
testing. Furthermore, groups of as-prepared samples (cured) were exposed to 
isothermal (730, 750 and 770 °C) and cyclic loads, where the temperature was 
periodically ramped from 25 °C to 730 °C or 670 °C or 560 °C and back to 25 °C 
with heating rates of 8 °C/min or 12 °C/min (similar to the field loads as a result of 
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daily cycling or the passage of clouds). The corresponding sample marks with 
descriptions of their thermal loads are presented in Table 12.  
Table 12. Sample marks used in the research and the thermal load applied 
during testing. 
Sample Description of the samples 
617 Initial Inconel 617 substrate 
B444 Black coating 
730 Coatings exposed to isothermal load at 730 °C (air) 
750 Coatings exposed to isothermal load at 750 °C (air) 
750+O2 Coatings exposed to isothermal load at 750 °C in oven purged 
with oxygen 
770 Coatings exposed to isothermal load at 770 °C (air) 
b1 T1 Coatings exposed to cyclic load between 25 and 730 °C, heating 
rate 8 °C/min 
b1 T2 Coatings exposed to cyclic load between 25 and 670 °C, heating 
rate 8 °C/min 
b1 T3 Coating exposed to cyclic load between 25 and 560 °C, heating 
rate 8 °C/min 
b2 T1 Coatings exposed to cyclic load between 25 and 730 °C, heating 
rate 12 °C/min 
b2 T2 Coatings exposed to cyclic load between 25 and 670 °C, heating 
rate 12 °C/min 
b2 T3 Coatings exposed to cyclic load between 25 and 560 °C, heating 
rate 12 °C/min 
b1+H T1 Coatings exposed to cyclic load between 25 and 730 °C, heating 
rate 8 °C/min, oven purged with steam at room temperature  
b1+H T2 Coatings exposed to cyclic load between 25 and 670 °C, heating 
rate 8 °C/min, oven purged with steam at room temperature  
b1+H T3 Coatings exposed to cyclic load between 25 and 560 °C, heating 
rate 8 °C/min, oven purged with steam at room temperature  
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During the first heat-exposure flux, the formation of minor cracks was observed on 
the surface of the coating as a result of the difference in the thermal expansion of the 
substrate, the binder decomposition and shrinkage, the formation of the oxide layer 
and the coating densification. The initial formation and crack propagation were 
evaluated at identical locations on all the samples during the whole test period on an 
area of 2.56 mm
2
. 
Figure 42 presents the approach of the crack-length and width-propagation 
evaluation. The time-dependent evolution of the cracks’ dimensions for the selected 
harshest isothermal (770 °C) and cyclic (b2 T1) loads are presented in Figure 43. 
 
Figure 42. Crack length and width evaluation. The evaluation of cracks as a function 
of temperature, isothermal and cyclic loads was obtained from optical images 
presented above at identical locations. The B&W images were evaluated using 
WolframAlpha software, where the black pixels were identified as cracks (A). The 
black pixels were replaced by colored ones, depending on the crack’s length (B) and 
width. The distribution of the crack’s dimensions was graphically presented for width 
(C) and length (D). The mean values are presented in Figure 43.  
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It is clear that the mean widths of the cracks under isothermal and cyclic loads 
remain constant, in the range of 8 microns. In contrast, the crack length increases in 
the cases of cyclic loads from a mean value of 43 microns up to 65 microns for the b2 
T1 samples and decreases in the case of an isothermal load from 43 to 33 microns. 
Based on these results, we suggest that the crack-length growth was induced and 
increased by the periodic thermal expansion (more than 1600 heating and cooling 
















Figure 43. Mean crack widths and length evaluation during a 13-week test period 
under isothermal (770 °C) and cyclic (12 °C/min) loads.  
As expected, a decrease in length was observed for the samples exposed to isothermal 
loads on account of the densification of the coating by prolonged isothermal loading 








Adhesion evaluation  
For the spray-deposited receiver coatings the de-bonding of the coating layer from 
the substrate or cracking within a coating layer can lead to the failure of the entire 
optical coating system. The latter is very common on alloys like T-22 or T-91, where 
low-density iron oxide products occupying more volume are formed on the surface, 
but are less likely on an Inconel 617 substrate. To evaluate the mechanical failure in 
the coating, the adhesion strength was studied as a function of time during the thermal 
load exposure. The release behavior was measured using a standard pull-off test, 
where the adhesive properties were assessed by measuring the stress required to pull 
away a flat, rigid cylindrical punch initially pressed into contact with the adhesive 
surface (Figure 44).  
 
Figure 44. Photograph of the test surface produced by pull‐off test after 18 weeks of 
different thermal loads. 
Our tests provided the time evolution of the mean critical pull-off stress for 
different loads. The values of the pull-off stress were initially around 13 MPa, and 
display rather unsteady behavior with a slightly decreasing trend with time. We 
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attribute the relatively large scatter of the pull-off-stress values to the different modes 
of delamination: delamination along the glue layer, delamination along the black 
coating (B444) and delamination along the chromium oxide layer formed on the 
substrate surface due to the exposure to high temperatures in an air atmosphere. 
Different delamination layers are clearly observed after inspecting the punch surface. 
The delamination layers were evaluated from the optical images (Figure 44). The 
B&W images were evaluated using WolframAlpha software, where the black pixels 
were determined as the coating (B444), grey pixels as the oxide and white pixels as 
the delamination along the glue. 
 
Figure 45. Ratio of the areas for three different species (oxide, coating, glue) after 
pull-off testing vs. isothermal loading time at 770 °C. 
The time evolution of the ratio between the delamination layers is shown in Figure 
45 for the isothermal load at 770 °C, where it is evident that initially (2 weeks at 770 
°C) more than 90% of the delamination takes place along the glue used for the punch 
fixation on the coating surface. The ratios of areas between the delamination surfaces 
for other samples are presented in Figure 46. 
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Figure 46. Ratio of areas for three different species (oxide, coating, glue) after pull‐
off testing vs. isothermal loading time at 730 °C (A), 750 °C (B), 750 °C+O2 (C), b1 








In Figure 47 the pull-off stress is presented for all the samples exposed to the 
isothermal load. The pull-off stresses of samples show significantly lower values after 
just 250 hours, which shows that oxide-layer growth has a negative influence on the 
adhesion strength of the coating. 
 
Figure 47. Pull-off stress as a function of loading time for an isothermal load. 
The pull-off stresses for samples under cyclic loads are presented in Figure 48. The 
increasing ratio of the oxide delamination surface becomes clear in all the test probes 
during exposure to the load for more than 18 weeks (Figure 46). A detailed structure 
of the interlayer is presented as part of the transmission electron microscopy (TEM) 
studies along with the oxide-thickness study (Figure 55).  
 
Figure 48. Pull‐off stress as a function of the loading time for a cyclic load. 
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Growth of the substrate-protecting layer  
When searching for the weakest point in the solar receiver’s coating we monitored 
the crystal structure of the pigment and the growth of the substrate-protecting layer 
using XRD. In Figure 49, XRD diffractograms of the initial substrate, black pigment 
and initial coating are presented, in addition to diffractograms of the coatings after 2, 
6 and 12 weeks of isothermal loading at the highest temperature (770 °C).  
 
Figure 49. XRD spectra of initial pigment, cured coating, back side of the Inconel 
617 substrate surface and coatings on the substrate after 2, 6 and 12 weeks of 
isothermal load at 770 °C. 
Furthermore, we compared the XRD results after different loads, as presented in 
Figure 50. The results confirmed our expectation that below the coating, a chromium 
oxide layer grows as oxygen is present during the high-temperature loading in the 
furnace. The Cr2O3 protective layer’s thickness grew more slowly under cyclic loads, 
as the coating was exposed to a high peak temperature for a short period of time, 
resulting in the thin protective layer. The oxidation below the coating was, in the case 
of 12 weeks of isothermal exposure at 770 °C, so strong that we could not see the 
characteristic signals of the initial substrate in the diffractogram (617/initial). The 
signals for the pigment remained similar, even after long and various thermal loads. 
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There was, as a result, a doubt about the detectable degradation of the coating after 
thermal loading as only Cr oxide was detected. 
 
Figure 50. XRD spectra of the coatings on the Inconel 617 substrate after 12 weeks of 
isothermal load at 750 °C and 770 °C and under different cycling regimes in 
combination with moisture. 
Evaluation of the oxide thickness  
In addition to the crack-length evaluation, the adhesion and the coating evaluations 
by XRD, metallurgical cross-cutting was employed to understand and to evaluate the 
coating transformation, the interaction with the oxide protective layer formed on the 
surface of the Inconel 617 and the oxidation of the substrate influenced by the solar-
receiver coating. The data from the oxide-interlayer-thickness measurements are 
presented in Figure 51. Even when the substrate has a HSA coating that is optimally 
cured at 600 °C, a 110-nm-thick layer (Figure 52) of oxide is formed on the substrate 
surface during the curing protocol. During the initial stage, the oxygen necessary for 
the oxidation reaction is readily available from the curing atmosphere. The effect of 
oxygen availability is also present in the field, as the coating’s working environment 
is open air. 
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Figure 51. Oxide-layer-thickness growth for different thermal loads, measured with 
SEM cross-sectional method every week (points), which were fitted (lines) using least-
squares method and Gnuplot software. 
Figure 51 indicates that the oxide thickness growth at different temperatures and 
partial pressures of oxygen varies. The fastest oxide layer growth was observed for 
the 770 °C air testing procedure, followed by the 750 °C testing procedure with an 
increased oxygen partial pressure, 750 °C in air and 730 °C in air (Figure 52). 
 
Figure 52. FIB‐SEM cross‐sectional image of oxide‐layer formation on Inconel 
support material for the case of: a) initial sample B444 [average 110 nm], b) sample 
b1 ΔT1/12 weeks (620 cycles) [average 320 nm], c) sample b1 ΔT1/24 weeks (1142 
cycles) [average 590 nm], d) sample 750/2 weeks [average 670 nm], e) sample 
770/14 weeks [average 3,1 μm]. 
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Furthermore, the oxide-thickness results for the cyclic testing protocol were even 
lower, showing similar growth behavior, even though they were exposed to different 
heating and cooling protocols (b1 T1, b1+H T1 and b2 T1). Cr2O3 grows through 
the predominantly outward diffusion of Cr metal ions, forming new oxides at the 
oxide/gas interface.
158
 Therefore, the Cr2O3 layer can be considered as the material 
with the volume change and residual stress formation that could possibly weaken the 
adhesion. In addition to the outward oxidation, inward oxidation is expected, as a 
small concentration of aluminum is present in the Inconel 617 structure. We assumed 
that the outward oxidation behavior followed the parabolic law. For the oxide scale to 
confer the ultimate protection to the Inconel 617 alloy under the receiver coating, a 
solid, continuous, complete, dense and crack-free layer along the surface was formed, 
offering high residual adherence of the coating to the oxide surface and substrate. A 
more detailed study of the oxide structure after 12 weeks of thermal load at 770 °C 
was evaluated with a TEM analysis (Figure 55).  
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TEM analysis of the coating and oxide layers after a prolonged isothermal load  
A cross-section lamella was prepared using a FIB to analyze the coating on the 
Inconel substrate with TEM (Figure 53 and 54).  
 
Figure 53. FIB lamella TEM sample preparation: a) FIB lamella bulk milling, b) 
rough lamella lift out, c) sequential lamella thinning using high‐energy focused ion 
beam, d) thinned lamella polishing using low‐energy focused ion beam. 
 
 
Figure 54. FIB 3D analysis of sample 770‐14W: a) fabrication of Pt protective layer 
with embedded reference markers, b) U-shaped region of interest preparation with 
FIB milling, c) Z‐contrast cross‐sectional SEM image of the first acquired slice 
image, d) three‐dimensional sample visualization using volume rendering (front 
view), e) three‐dimensional sample visualization using volume rendering (back view). 
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As shown in Figure 55, from the scanning-transmission electron microscopy 
(STEM) bright-field (BF) and high-angle annular dark-field (HAADF) images, we 
can distinguish 1) the B444 coating, 2) the oxide layer, 3) the protective layer of 
Cr2O3, and 4) part of the Inconel substrate. Interestingly, an oxide layer was formed 
between the protective Cr2O3 layer and the B444 coating. Additionally, a series of 
voids was observed to delineate the border between the oxide layer and the protective 
layer of Cr2O3. 
 
Figure 55. (a) STEM BF and (b) HAADF images of the coating cross-section after 12 
weeks of isothermal load at 770 °C prepared by FIB lamella. A Pt layer was 
deposited on top of the coating during the sample-preparation procedure to avoid 
damage. All the layers are visible in this cut, starting from the Inconel substrate, 
followed by the protective layer of Cr2O3, an oxide layer with voids at the border 
(arrows), and finally the B444 coating. 
Formation of the substrate-protecting layer  
Energy-dispersive X-ray spectroscopy (EDXS) elemental composition maps of the 
cross-section coating are shown in Figure 56. The presence of Co, Mo, Ni, Fe, Cu and 
Cr, with some segregation of Al and Ti, is confirmed on the Inconel substrate. Only 
Cr and O were found in the protective layer, as confirmed by the electron-energy-loss 
spectroscopy (EELS) in Figure 57c, since the Mn signal observed in the EDX map 
corresponds to a minor overlap of the Mn-Kα line with the Cr-K line, i.e., 5.893 keV 
and 5.945 keV, respectively. On the precipitated oxide layer, in addition to Cr and O, 
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the following elements were detected: Cu, Fe, Mn and Ti. In this layer, the Cu seems 
to be distributed uniformly, while the Ti has segregated slightly toward the border 
with the B444 coating. On the other hand, the Fe and Cr signals appear to be inversely 
proportional to each other.  
 
 Figure 56. STEM ADF image and EDXS maps of the cross-section showing the 
composition of the coating, the oxide layer, the protective layer and the Inconel 
substrate. 
Overall, the Fe signal appears as a gradient toward the border with the B444 
coating, in contrast to what was observed for the Cr signal, in which the gradient faces 
towards the protective layer (Cr2O3) located on the Inconel substrate surface. 
Additionally, on some areas of the oxide layer, Cr-rich grains that exclude Fe can be 
observed. In order to confirm the compositional trends an EELS analysis was 
performed at locations marked with letters, and designated as regions of interest 
(ROIs) on the image in Figure 57a. Spectra were collected along the two layers, 
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including a part of the Inconel substrate. As seen from Figure 57a and c, at the top 
region of the oxide layer, ROI A, the elements Ti, Mn, Fe and Cu are present, as well 
as Cr and O. In the central region of the oxide layer, ROI B, the same elements are 
detected, except for Ti. In addition, the Cr signal increased, and the Fe and Mn signals 
decreased. In ROI C, in the bottom region of the oxide layer, the reduction of the Mn 
and Fe signals is more evident. In the protective layer, ROIs D and E show only the 
signals of Cr and O, and the fingerprint corresponds to Cr2O3. 
 
Figure 57. (a) Cross-section HAADF image indicating the different characteristics 
between the layers; the protecting layer Cr2O3 has a structure composed of multiple 
grains, while the oxide layer, in addition of having other metals in its composition, 
has a structure with larger grains. (b) High-resolution HAADF image of the structure 
of the pigment B444, taken from a section of a grain oriented close to the spinel [110] 
zone axis. (c) EELS spectra collected from different spots along the cross-section, as 
marked by the capital letters. 
Finally, ROI E shows the EELS signals of the Ni, Co, Fe and Cr corresponding to 
the region of Inconel. It is also worth mentioning that aside from the composition, an 
additional difference between the protective layer and the oxide layer is the grain 
structure. As can be seen in Figure 57a, the grains in the oxide layer are larger than 
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those in the protective layer. Another characteristic is the formation of voids at the 
border between the two layers.  In Figure 57b, a high-resolution HAADF image of a 
section of the pigment B444 oriented close to the [110] zone axis is shown. The spinel 
structure is easily observed, characterized by the atomic positions of the metallic 
elements in the columns in the form of rings and a central spot.  
However, the atomic positions of the oxygen are harder to discern by HAADF since 
they are lower in atomic number, and so only the metallic elements of the structure 
are shown in the HAADF image.  
Pigment structure and interaction with the surroundings 
From the chemical analysis it was possible to assume that Cr diffuses toward the 
coating (B444). In Figure 58, a cross-section of the interface between the oxide layer 
and the B444 coating is shown; the EDX mapping also reveals a Cr signal from the 
B444 coating. The Cr distribution reaches the topmost region of the coating, with Cr 
segregation in some particles (Figure 59). Similarly, the segregation of Cu in some 
grains is observed as well, probably due to local inhomogeneities or because of the 
load.  
 
Figure 58. HAADF image and EDX map of the oxide layer and the pigment structure 
(B444 coating). Cr diffuses toward the pigment (along the dashed arrow) and Cu 
segregates on to some of the particles (pointed by solid arrows). 
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From this analysis we can conclude that the substrate is not only losing Cr, forming 
a Cr2O3 protective layer on the surface of the Inconel 617 substrate, but also Fe and 
Cu are diffusing from the coating, forming an additional oxide layer along with the 
Cr2O3 protective layer.  
 
Figure 59. (a) EDX elemental maps acquired from the mid‐section of the B444 
coating, where Cr segregation is observed: only some particles imaged on the 
mapped area show a Cr signal. (b) EDX elemental maps acquired from a section of 
the B444 coating located very close to the interface with the oxide layer. The Cr 
signal, in this case, is uniformly distributed along the particles. To visualize the Si 
coating on the particles, a compositional map of Fe and Si is displayed as well. 
Based on the cross-cut results, we believe that the selected sample (12 weeks at 770 
°C) represents a situation that is an approximately steady state for all the samples at 
the end of the test period. It should be noted that the Cr distribution along the pigment 
particles positively influences the optical properties at long wavelengths (thermal 
emittance) of the coating, as the Cr ions interact with the pigment at high 
temperatures. Furthermore, the Cr ions are diffusing inside the pigment’s spinel 
structure, ending at the octahedral positions. 
Optical evaluation of the coatings 
The optical properties determine how the CSP receiver is functioning and how 
efficient is the energy transformation during operation in the field. Therefore, it is 
necessary to measure their spectral absorptance and emittance. The solar absorptance 

















heat. The emittance drives the radiative thermal losses for the heated receiver and 
depends on the receiver’s temperature. An ideal spectrally selective receiver has a 
reflectance of near zero at short wavelengths and a value of one at long wavelengths. 
The transition between the two regimes must be sharp and operating-temperature 
dependent (Figure 60).  
  
Figure 60. Reflectance spectra for the initial B444 coating, B444 coating after 24 
weeks of thermal load at 770 °C, low-temperature selective coating with thermal 
emittance <0.40. In addition, graphs for blackbody radiation at 800 °C and the AM 
1.5 reference solar spectra are shown. 
However, the integrated properties across the solar spectral range are of great 
importance, as the thermal emittance must also be taken into account more in the case 
of spectrally selective coatings. The coating used in these experiments was HSA and 
not spectrally selective, with a low thermal emittance. Therefore, the thermal 
emittance values in the case of the HSA coatings cannot be used for a coating-
degradation evaluation, even if it is known that the oxide-layer thickness influences 
the reflectivity values in the long-wavelength range. The 50-micron-thick coating 
does not possess a low thermal emittance, as a consequence of the underlying 
polished metallic surface with high reflexivity in the IR region as a thick coating in 
combination with a thick oxide layer absorbs long wavelengths (Figure 60).  
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Consequently, the optical degradation can only be evaluated using the solar-
absorptance values. The decrease in the absorptance values is also crucial for the solar 
thermal conversion and, consequently, for the CSP efficiency. It is evident that the 
absorptance values slowly decrease with time for all the samples (Figure 61 and 62). 
 
Figure 61. Absorptance as a function of exposure time at different temperatures, 
measured with FTIR spectrometer at room temperature (points), which were fitted 
(lines) using least-squares method and Gnuplot software.  
Furthermore, it is evident that a faster decrease in the solar absorptance is linked to 
a higher loading temperature. Optical degradation occurred more quickly with the 
cyclic loads, compared to the isothermal loads. However, the fastest degradation was 
observed for the samples exposed to cyclic loads in combination with humidity 
(Figure 62).  
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Figure 62. Absorptance (points) as a function of the number of thermal cycles with 
different peak temperatures, ΔT1 = 700 °C, ΔT2 = 640 °C and ΔT3=530 °C, and 
different heating rates, b1 (A) and b2 (C), and including humidity b1 + H (B). Data 
were fitted (lines) using least-squares method and Gnuplot software.    
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4.2.7 Langmuir-Blodgett mono-, di- and trilayers of POSS 
Langmuir‒Blodgett isotherm and Brewster-Angle Microscopy 
Although both the PD-POSS and G-POSS coatings were deposited with LB, the G-
POSS did not form homogeneous films and therefore only the results for the PD-
POSS coatings are presented. In the literature, authors differentiate between three or 
more Langmuir monolayer phases, which arise at the liquid‒gas interface, depending 
on the area available for molecules to expand, the surface pressure, the molecule size 
and shape, the electric charge, and other parameters.
159–161
 The three main phases on 
the Langmuir isotherm are gas-like (G), liquid-like (L), and solid-like (S) regions, and 
their transition occurs while compressing the molecular monolayer at the air‒water 
interface.
162–165
 The isotherm of the surface pressure (Π) versus the mean molecular 
area (MMA) for PD-POSS at the air‒water interface is shown in Figure 63.  
  




 up to SP 
of 15 mN/m; (b) Π-A hysteresis diagram for PD-POSS monolayer film. Letters 
represent points where Brewster-angle microscopy images were taken (shown in 
Figure 64). The shape of the diagram shows the irreversible compression‒expansion 





While Figure 63a shows the isotherm up to a surface pressure of 15 mN/m, Figure 
63b shows the isotherm upon compression to a surface pressure of 47 mN/m and 
reopening. Furthermore, BAM images were taken at different pressures (as shown in 
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Figure 63b) and presented in Figure 64. The isotherm (Figure 63a) shows a clear G 
phase in the MMA range 155‒133 Å
2
/molecule. Then, with further compressing of 
the barriers, no clear transition to the L phase occurs, but the monolayer rather forms 
an intermediate state between the G and S phases (MMA 133‒127 Å
2
/molecule). In 
this area, the PD-POSS forms homogeneous patches, which can clearly be seen in the 
BAM images (Figure 64b,c). The change from Figure 64a, where the POSS molecules 
were evenly spread at the water‒air interface, to the formation of the patches, is 
evident. With further compressing, the monolayer densifies and covers the whole 
surface at the air‒water interface between the barriers (MMA 117 Å
2
/molecule or Π 
15 mN/m). After the intermediate state, with further compressing of the film, the 
𝜕Π
𝜕𝑀𝑀𝐴
 slope becomes steep and constant, which shows the transition of the monolayer 
to a condensed phase.
166
 The BAM image in Figure 64d shows a uniform smooth 
monolayer of PD-POSS with no irregularities. This phase is stable up to a Π value of 
approximately 30 mN/m, but a further increase in Π causes the collapse of the 
monolayer and results in isotherm hysteresis (Figure 63b). The calculation of the 
theoretical area covered by each PD-POSS molecule, which is 16.07±3.21 Å long and 





which is in good agreement with the measurements of MMA at a low surface 
pressure (Figure 63a).  Collapse occurs when Π is higher than the hydrophilic 
interaction at the PD-POSS‒water interface. Then, the monolayer collapses and forms 
a bilayer (MMA 86 Å
2
/molecule), where the upper layer is comprised of POSS 
dimers
162





64f). At an MMA of 31 Å
2
, the molecule compression was stopped and expansion 
started, resulting in a quick drop of Π (Figure 63b). Since the multilayer is not stable 
enough to stick together, it breaks down into many pieces (Figure 64g). With further 
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opening of the barriers and the sharp decrease of Π and the high MMA, aggregates of 
PD-POSS are observed at the liquid‒gas interface (Figure 64h).  
 

















Figure 64. BAM images with the corresponding Π taken during the isotherm 
hysteresis experiment for the PD-POSS monolayer film at the gas‒liquid interface. 
Phase transition proceeds from G (a) to L (b,c). After the formation of a solid-like 
film at 15 mN/m (d), with increasing Π, BAM images reveal the formation of clusters 
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X-ray photoelectron spectroscopy 
The POSS Langmuir films were deposited onto Inconel 617 with vertical Z-
deposition and analyzed with XPS. The peaks from the deconvoluted XPS HR single 
spectra of a POSS monolayer on Inconel, LB-1, are shown in Figure 65 and the 
corresponding binding energies and atomic concentrations of elements are presented 
in Table 13. The species containing
 
Si, C, H, and O come from the POSS layer. 
Oxygen from the adsorbed H2O can also be detected; Cr and Ni, which are the main 
constituents of Inconel 617, are also found. 
 
Figure 65. XPS HR single spectra of (a) Si 2p, (b) O 1s, (c) C 1s, (d) Cr 2p3/2, (e) Ni 
2p3/2 from a POSS Langmuir‒Blodgett monolayer deposited on a polished Inconel 
617 substrate.    
(a) Si 2p 
 
(b) O 1s 
(c) C 1s 
 
(d) Cr 2p3/2 
(e) Ni 2p3/2 
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XPS depth profiles of the mono-, bi- and tri-layer POSS LB films (LB-1, LB-2, and 
LB-3, respectively) on Inconel are shown in Figure 66. All three samples are covered 
with a thin Si‒O‒C layer (Figure 66a‒c).  
Table 13. Binding energies and atomic concentrations of the XPS detected species 






















Si 2p 4.39 7.42 7.31 
285 C‒C/C‒H C 1s 
19.75 15.13 24.9 286 C‒O C 1s 
289 O‒C=C C 1s 
531 O
2‒
 O 1s 
















 Ni 2p3 7.46 2.42 4.69 
 
The concentration of Si 2p on the surface of LB-1 was measured to be 4.4 at. % 
(Figure 66d). When we deposited another monolayer (LB-2) on top of the first one, 
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the Si 2p concentration increased to 6.9 at. %, but the depth of the detected Si 2p 
signal stayed the same, which is at 3 nm; then the signal for Si 2p dropped to 0 at. % 
(Figure 66d). This implies that the deposited LB layers are not accumulating 
perfectly, one on top of the other to form mono-, di- and tri-layers, but the second 
deposition only densifies the first monolayer. The third deposition (LB-3) increases 
the depth of the layer to 3.5 nm, which is thinner than a POSS monolayer. Hence, 
further densification of the first and second deposited layers is envisioned.  
  
  
Figure 66. XPS depth profiles of Langmuir‒Blodgett (a) mono-, (b) di-, and (c) tri-
layer POSS deposited on Inconel 617. Besides the Si profile, Ni, Cr, O, and C profiles 
are shown. 
 Because carbon on the surface of the LB samples (Figure 66a‒c) is present 
only to a depth of 0.5 nm, it derives from surface contamination in a short time when 
the sample is exposed to the environment (transfer from plasma to XPS chamber) and 
the residue of the organic functional groups attached to the POSS molecule after they 
were oxidized with an Ar/O2 plasma treatment. Under the Si‒O‒C surface layer is a 







































































































 Si 2p LB-3
 Si 2p LB-2
 Si 2p LB-1
7.4 at. %
Thickness ~ 1-3 nm 
nm 
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mixed oxide layer enriched with Ni-oxide and Cr-oxide, which is followed by a 
thicker Cr-oxide-rich layer (Figure 66a‒c). The mixed oxide layer is very thin because 
after the first 2 nm we can observe a sharp drop in the O 1s concentration and a rise in 
the Ni 2p concentration from the bulk Inconel 617 material. 
Reflection‒absorption infrared spectroscopy 
The near-grazing-incidence-angle infrared spectra of the Langmuir‒Blodgett mono-, 
bi-, and tri-layer POSS coatings are shown in Figure 67. Bare polished Inconel 617 
was used as a background. Absorption bands can be seen at 1160 cm
-1
 for LB-1, 1198 
cm
-1
 for LB-2, and 1210 cm
-1 
for LB-3. These absorption bands fall in the range of C‒
O and Si‒O stretching vibrations (LB-1, LB-2, and LB-3) and Si‒CH3 and Si‒CH2 
bending vibrations (LB-3).  
 
Figure 67. IRRAS spectra of mono-, di-, and tri-layer of POSS on an Inconel 617 
substrate.  
Furthermore, the spectra in Figure 67 are measured after the plasma oxidation of 
organic groups after each application of an LB layer and therefore the organic parts of 
the POSS molecules were removed from the structure and only a siloxane monolayer 
remains on the surface after the deposition. A similar phenomenon is expected when 

























such coatings are used in the field at temperatures as high as 700 °C. The intensity, 
which indicates a higher concentration, increases with each additional monolayer of 
POSS (the marked peaks in Figure 67) in the form of amplitude variation of the four 




, and 1210 cm
-1
 with 
increasing layer thicknesses.  
The asymmetrical Si‒O‒Si stretch undergoes a phonon splitting between the 
longitudinal optic (LO) and transverse optic (TO) components. TO vibrations are 
parallel to the film’s surface, while the LO vibrations are perpendicular to it,
167
 and 
therefore the antisymmetric Si–O–Si stretching band is the most sensitive to the layer 
thickness; all bands show a linear variation in the case of very thin layers.
168
 
As reported by Fidalgo et al., the absorption band at 1155 cm
-1
 is assigned to the 





 to the TO component of the νas Si‒O‒Si band in the strained 4-fold 
siloxane rings. They also report that the shifting of bands to lower wavenumbers can 
be related to a more porous structure, with smaller siloxane rings, larger Si–O–Si 
angles, and longer Si–O bond lengths, which leads to a decrease in the Si–O 
stretching-force constant.
169
 The results of the IRRAS analysis match the results of 
the XPS in terms of the measured spectra intensity and silicon concentration and are 
also reflected in the contact angles and surface-tension properties.   
Contact angle and surface-tension properties 
The contact angles of the bare Inconel 617 without (Figure 68a‒c) and with the 
Langmuir‒Blodgett-deposited PD-POSS monolayer, which was not treated by plasma 
(LB-1a), were higher because of the hydrophobic nature of the organic functional 
groups (Figure 68d‒f). The contact angles were measured using three liquids: water 
(Figure 68a,d), diiodomethane (Figure 68b,e), and formamide (Figure 68c,f). The 
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largest difference in the contact angle caused by the PD-POSS monolayer was due to 
water. This is due to the hydrophobic isobutyl groups attached to the POSS cage, 
which are present on the surface before the plasma oxidation, as shown in Figure 68a. 
On the other hand, the changes in the contact angle for diiodomethane and formamide 
are much smaller, vide infra.    
Inconel 617: 
   
LB-1a: 
   
Figure 68. Contact-angle measurements of polished Inconel 617 without coating 
(a,b,c) and with PD-POSS monolayer deposited by the Langmuir‒Blodgett method 
(e,f,g). The contact angle was measured after applying a droplet of water (a,d), 
diiodomethane (b,e), and formamide (e,f) applied with the automated sessile drop 
method on the sample surface.  
The values of the surface-tension parameters calculated for the substrate and for the 
LB-1a are shown in Table 14. According to the van Oss, Chaudhury, and Good 
(vOCG) model for the determination of solid surface tension by contact angle,
170
 the 
Lifshitz–van der Waals interactions γ
LW 
represents an apolar component of the 
interfacial tension, including dispersion, dipole‒dipole interaction, and induced 
dipole‒dipole interactions. The short-range surface-tension parameter γ
AB
 is a polar 




 influence the 
contact angle that a liquid drop forms on a solid
171





AB,                                                     (10) 
where γSV
AB = 2√γSV
+  ∙  γSV
−  . The surface tension parameter γSV
+   is due to the electron 
acceptor (Lewis acid) and γSV




(e) (f) (d) 
















The higher value of γ
TOT
 shows increased hydrophilicity for the bare Inconel 617, 
which has –OH or –O
-
 electron donor groups on the surface and electron donor; γ
- 
values are higher for the bare Inconel (22.56 mJ/m
2
) than for the LB-1a sample, 
where the electron acceptor γ
+
, is higher (2.21 mJ/m
2
) due to the electron-acceptor 
isobutyl groups of the POSS being oriented toward the surface. 
Table 14. Determination of the surface-tension parameters according to the three-
fluid method for Inconel 617 and LB-1a. 

















Inconel 617 0.99 22.56 40.98 9.45 50.43 
LB-1a 2.21 0.14 28.54 1.13 29.67 
 
Electrochemical measurement 
Because of the high precision and sensitivity of electrochemistry methods, they 
were used to evaluate the effect of oxidation resistance before and after the LB 
monolayer deposition. Experimental results of the potentiodynamic measurements are 
graphically presented as Nyquist and Bode plots in Figure 69a,b, respectively.
172
 EIS 
plots are fitted with equivalent circuits, which are shown in Figure 70. To model the 
electrochemical processes of bare Inconel 617 during the EIS measurements, we used 
an equivalent circuit (EC) with elements of ohmic resistance (Rs), constant phase 
element (CPE) instead of capacitor, and polarization resistance (Rct), as shown in 
Figure 70a. Prior to this study, this method was used for modeling the EIS of metal 
specimens.
173
 Rs represents the uncompensated resistance, which is mostly due to the 
solution; CPEdl simulates the nonideal capacitive properties of the double layer at the 
electrolyte‒solid interface, while Rct is the resistance of the charge transfer of the 
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electrochemical reaction. Rct and CPEdl are elements bound in parallel because of the 
spontaneous processes at the electrolyte‒solid interface, and are bound in series with 
Rs.  




) and CPE-P (/), where 
CPE-T is called the pseudo-capacitance, sometimes denoted as Q,
174
 where T is a time 
constant and exponent P is the CPE order,175 as described in the Zview software user 
manual.176 If CPE-P equals 1, than the equation Z= 1
𝑇(𝑖∙𝜔)𝑃




, where Z is the impedance, C is the capacitor, i is the imaginary 
unit of a complex number, and ω is the angular frequency. If CPE-P equals 0.5, a 45-
degree line is produced on the complex plane graph. When a CPE is placed in parallel 
with a resistor, a Cole element (depressed semicircle) is produced. Often a CPE is 
used in a model in place of a capacitor to compensate for the non-homogeneity in the 
system. For example, a rough or porous surface can cause a double-layer capacitance 
to appear as a constant phase element with a CPE-P value between 0.9 and 1. In fact, 
a capacitor is actually a constant phase element—one with a constant phase angle of 




The EC model used to fit the EIS data of the Inconel 617 samples covered with an 
LB-deposited POSS monolayer is composed of the constant phase element, CPEml, 
and the resistor, Rml,
177
 which represent the capacity and the resistance of the POSS 
monolayer, respectively (Figure 70b). The values of all the elements in the model ECs 
were obtained from the ZView software and are presented in Table 15.       
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Figure 69. Nyquist (a) and Bode plots (b) of uncoated Inconel 617 (black), LB-1a 
(blue) and LB-1 (red). The solid lines fit the experimental data to the equivalent 
circuit model shown in Figure 70. The value of χ
2 
(Table 15) is the result of the 
Pearson’s chi-squared test, which shows the goodness of fit with the experimental 
data.    
  
Figure 70. (a) Simplified Randles cell as an equivalent electric circuit used to fit the 
impedance data of the Inconel 617; (b) an equivalent circuit used for fitting the 
impedance data of the LB-1 and the LB-1a.  
The values of Rct increase significantly for POSS-coated samples, as compared with 
the bare Inconel, which shows that the POSS efficiently increases the resistance of the 
charge transfer and thus decreases the rate of the oxidation reaction. Furthermore, the 
capacity of the double layer decreases when the samples are coated, which means less 
charge is transferred and stored at the interface. Finally, the charge-transfer resistance 
























































Table 15. Parameters of the equivalent circuit models obtained by fitting the 
experimental EIS data.   
 Inconel 617 LB-1a LB-1 
Rs (Ω cm
2) 8.83 9.78 15.5 
Rs (error, %) 0.724 0.367 0.821 
Rct (kΩ cm
2) 878.42 3081.4 5152.3 
Rct (error, %) 2.612 23.98 16.07 
CPEdl-T (s
P/Ω cm2) 2.542E-5 4.201E-6 3.0455E-6 
CPEdl-T (error, %) 0.499 23.81 9.559 
CPEdl-P 0.947 0.753 0.877 
CPEdl-P (error, %) 0.112 12.55 9.874 
Rml (kΩ cm
2) / 599.7 1080.2 
Rml (error, %) / 16.84 15.98 
CPEml-T (s
P/Ω cm2) / 2.0034E-5 1.0454E-5 
CPEml-T (error, %) / 0.456 1.174 
CPEml-P / 0.933 0.954 
CPEml-P (error, %) / 0.085 0.211 
χ2 4.102.10-3 8.121.10-4 5.269.10-3 
 
Tafel polarization curves 
Figure 71 shows the Tafel potentiodynamic polarization plots for the Inconel 617 
(LB-1a and LB-1). The corrosion potential (Ecorr) for the bare Inconel 617 sample is ‒
0.376 V and undergoes an anodic displacement as the Ecorr changes to a more positive 
potential when a substrate is coated (LB-1a; ‒0.334 V) or plasma treated (LB-1; ‒
0.327 V). The Ecorr displacement follows the same trend as the displacement of the 
measured OCP for the same samples (OCP values are shown in Table 13), which 









Figure 71. Potentiodynamic polarization plots of polished Inconel 617, LB-1a, and 
LB-1 carried out in a 3.5% NaCl solution in milliQ water at room temperature.  
For both LB-1a and LB1, the anodic and cathodic overpotentials increase, 
compared to the Inconel 617, which means slower anodic and cathodic reaction rates 
and thus better corrosion protection.
179
 In the case of the POSS-covered samples, the 




Table 16. OCP at 30 min of steady state and Ecorr values obtained during 
electrochemical tests.  
Sample OCP1 (V) OCP2 (V) Ecorr (V) 
In617 ‒0.044 ‒0.105 ‒0.376 
LB-1a ‒0.082 0.031 ‒0.334 
























4.2.8 Alumina thin film as an oxidation barrier for spectrally selective 
receiver coatings 
Figure 72 shows the SEM images of alumina sol-gel thin films on Inconel 617. As 
the images were not taken at an exact position before and after the thermal load we 
consider that that surface of the coating remains the same after the exposure of the 
samples to 700°C for 72 hours.  
 
Figure 72. As-prepared alumina thin film after curing (A) and after 72h at 700°C in 
air (B).  
The function of the oxidation-barrier thin films was even more impressive when the 
time-dependent AFM measurements at 700°C were compared. The thermal load on 
the Inconel 617 material in air at 700°C in the case of uncoated substrates (receiver 
pipes) caused the rapid growth of CrO2 crystals on the surface (Figure 74b-d), 
resulting in a rapid increase of the thermal emittance.  
 
Figure 73. Thermal emittance versus time for Inconel 617 without and with sol-gel 
alumina coating, exposed to isothermal load at 700 °C in air.   

















 Alumina coated Inconel 617
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In contrast, the use of alumina-like barrier thin films prepared using the proposed 
solution result in an oxidation-free surface that maintains the low thermal emittance 
fewer than 25%, which was measured after 216 hours at 700 °C in air (Figure 73). 
After loading at 700°C, the temperature was increased to 800°C, where the oxidation 
of the substrates resulted in an increased thermal emittance from 25% to 44% in less 
than 200 hours.    
 
Figure 74. AFM of (a) initial uncoated polished Inconel 617 substrate and (b) after 
72 h, (c)144 h  and (d) 216 h of heat treatment in air at 700 °C and (e) initial cured 
alumina coated Inconel 617 and after (f) 72 h, (g) 144 h and (h) 216 h of heat 
treatment in air at 700 °C. 
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In conclusion, the thermal aging of sol-gel alumina thin film proved, that it can act 
both as an oxidation barrier for Inconel 617 at 700 °C in air and as a stable coating 
with low thermal emittance below 25 %. Such thin film is a viable candidate for 
stable Gen3 spectrally selective coating as proper roughness of thin film offers 
optimal adhesion of thin black paint coating resulting in high temperature stable 
spectrally selective coating for CSP tower technology. 
4.2.9 Laser-cured coatings 
In the preliminary phase we just tested the laser parameters described in the 
experimental section for sintering an Al2O3 layer deposited from solution (Figure 
75A) and sprayed the HSA black coating (Figure 75B) on Inconel 617.  
 
 
Figure 75. Laser sintered 49 mm
2
 squares on (A) sol-gel alumina and (B) HSA black 
coating, both on polished Inconel 617. 
The results showed that the laser parameters strongly influenced the surface 
modification of both samples. Surface coloration of the squares (Figure 75) is the 
result of controlled surface oxidation due to the laser beam’s interaction with the 
coating and the substrate.
181
 The sample with the HSA coating (Figure 75B) showed 
that on almost all the squares the coating was completely removed or it has lost its 
black color and consequently the high αS. The reason for such behavior is the too 
A B 
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strong absorption of laser radiation from the interaction of the HSA coating with the 
laser beam, which resulted in melting and evaporation of the coating. 
 A sol-gel alumina sample (Figure 75A) was exposed to elevated temperature to 
investigate the thermal stability of the different parameters on the laser-sintered 
squares. After a visual evaluation, the laser-sintering parameters 4A (Figure 75A, red 
square), were chosen to be used for the sintering of an alumina coating with a larger 
surface area of 5 cm × 5 cm on Inconel 617 in order that it was possible to measure 
the UV/VIS/ and IR reflectance initially and after thermal aging. Our results revealed 
that the laser-sintered Al2O3 layer showed superior thermal stability with a stable low 
εT of 19 % after 94 h at 700 °C in an air furnace (Figure 76).  
 
Figure 76. Thermal emittance of laser-sintered alumina coating initially and after 1, 
2, 3, 27 and 94 hours of thermal aging at 700 °C in air with an SEM image of the 
Al2O3 coating (inset) after laser curing.  
After showing such good stability, the same sample was coated using HSA with a 
thickness of 1.7 μm (Figure 77a). The cross-cut after the thermal curing of the HSA 





















composition of the layers (Figure 77b) and to confirm the presence and estimate the 
thickness of the alumina and the HSA coating (Figure 77c). The EDS graphs for Ni, 





Figure 77. (a)SEM cross-cut of HSA coating on alumina coated Inconel 617, (b) EDS 
line scan of cross-cut, revealing (c) elemental composition of substrate (Ni), alumina 
coating (Al) and silicon binder (Si) of HSA coating.  
Furthermore, the HSA-coated alumina was exposed to the same thermal aging 
program as the sample in Figure 76, with the difference that the αS was very high, due 
to the HSA (Figure 78). Sample showed excellent thermal stability, with no visible 
degradation of the coating and a stable high αS of 95 % and a low εT of 57 % for 94 h 





















Figure 78. Solar absorptance and thermal emittance of HSA coating deposited on 
laser sintered alumina initially and after 1, 2, 3, 27 and 94 hours of thermal aging at 
700 °C in air. Inset shows UV/VIS (black) and IR (red) reflectance spectra (red line), 
taken after 27 h of thermal aging, with solar irradiance (yellow) and blackbody 
radiation at 700 °C (blue). 
4.2.10 Mxene-like borophene pigment for a high-performance receiver 
coating 
After the preparation of borophene, SEM images at 50,000× and 100,000× 
magnification were taken to show the layered boron material (Figure 79a,b). The 2D 
boron sheets are sticking together as agglomerates, but individual sheets, made of one 
layer of boron atoms, can be observed in Figure 79b.  
 
Figure 79. SEM images of as synthesized borophene at 50,000× (a) and 100,000× (b) 
magnification. 
 After exfoliation, the borophene sheets were used as a pigment in a high-
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material with spray coating. Coated Inconel 617 samples are shown in Figure 80 after 
curing in an inert atmosphere (a) and after thermal aging at 600 °C in air (b). The 
cured coating appeared glossier than the thermally aged with αS of 93.6 % and with a 
decreasing absorptance with the increasing wavelength (blue line), whereas the 
thermally aged sample showed a matt appearance with an even higher αS of 94.3 %, a 
more uniform absorptance across the UV/VIS/NIR wavelength range (green line) and 
good thermal stability at 600 °C in air. 
 
Figure 80. As prepared borophene paint coating (a) and after thermal aging for 2h at 
600 °C in air atmosphere (b) Absorptance of as prepared borophene paint (blue) and 
after heat treatment at 600 °C in air (green). Red line with dots represents the ideal 





























 Ideal transition to reflection at 600 °C
 Borophene paint heat treated at 600 °C
 Borophene paint as sprayed



















5. Conclusions  
In this thesis, six hypotheses were assumed, with aim to develop and then improve 
high-temperature, spectrally selective coatings for CSP-TR. The laboratory 
experiments were set and instrumental techniques were used to characterize the 
results. The work was divided into two major parts: (1) development of the pigments 
for the coatings and (2) development of the coatings. The main findings from the 
results are: 
 
 By studying the spinel structure we have shown that the CuMn1.5Fe0.5O4 spinel 
pigment can be successfully doped with Fe, Ni and Cr ions by means of solid-
state synthesis. The pigment doping was evaluated by TEM analysis, which 
indicated the uniform distribution of Fe, Ni and Cr ions along the spinel 
structure, resulting in the new spinel compositions.  
 
 The largest improvement in the energy transformation was achieved when the 
Cr-doped pigment was used to prepare the receiver coating. Because the 
coating-preparation process was the same for all the coatings, the pigments 
had similar particle sizes, the same pigment-to-volume ratio was used and the 
coatings had the same thickness, the improvement in the optical properties for 
the coatings using the Cr-doped pigment, which had a thermal emittance of 
85.6 %, while maintaining a high solar absorptance of 96.5 %, could only be 
ascribed to the successful pigment modification.  
 
 Good longevity is typically achieved by the selection of the proper coatings 
for the desired substrate, together with the intentional application and curing 
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of the HSA coating. We separately considered the optical and mechanical 
degradations under isothermal and cyclic thermal loads to identify which of 
the two is more progressive in the degradation of the coating. The more 
progressive is the optical degradation, which dictates the need for the 
coating’s reapplication.  
 
 We have shown that the surface of the black spinel pigment with a high solar 
absorptivity can be functionalized with POSS molecules by using an epoxy 
ring-opening catalyst such as N,N dimethylbenzylamine. This finding is of 
great importance for the production of temperature-stable coatings for high-
temperature applications. Since the surfactant is chemically bonded to the 
surface, we expect a significant improvement in the durability of the optical 
properties and a better interaction with the resin binder and the substrate.  
 
 It was proven that alumina thin films can act as an oxidation barrier for the 
Inconel 617 material at a 700°C working temperature for more than 1000 
hours, maintaining a thermal emittance below 25%. Such thin films are viable 
candidates for stable Gen3, spectrally selective coatings as the proper 
roughness of the thin films offers optimal adhesion for the deposition of a thin 
(< 4 μm) HSA coating, resulting in a high-temperature-stable, spectrally 
selective coating for CSP tower technology. 
 
 The results presented show that the Langmuir-Blodgett trough used for the 
deposition of a dense monomolecular layer can be used for the high-
temperature oxidation protection of solar-energy receivers, where the 
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thickness is a very important factor in terms of the optical properties. The 
results show that a very small amount of highly ordered material can 
contribute to the higher corrosion resistance of the Inconel 617.  
 
 A laser-cured alumina coating showed excellent thermal stability at 700 °C for 
94 h in air. It was coated with a 1.7-μm-thick layer of HSA, which resulted in 
a spectrally selective tandem coating with an αS of 95 % and a low εT of 56 %.   
 
 Borophene was synthesized and applied as a pigment in a high-temperature 
CSP receiver coating, which showed a very good solar absorptance of 94.3 % 
after thermal aging for 2h at 600°C in air. The thermal emittance was 91.1 %, 
which can be lowered by the deposition of laser-sintered alumina on the 
substrate below a thin borophene coating.  
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6. Razširjeni povzetek v slovenskem jeziku  
Stalna globalna rast porabe električne energije in njena okolju škodljiva 
proizvodnja nas vodi k iskanju in razvoju novih, trajnostnih in čistih tehnologij za 
proizvodnjo električne energije.
1
 Najbolj bogat in čist vir energije na zemlji je sončno 
sevanje, zato so raziskave učinkovite pretvorbe v električno in druge oblike energije 
zelo pomembne. Celotna sončna energija, ki jo vsako leto prejme zemlja je 3.400.000 
EJ, in to je 7000-krat več kot je leta 2016 znašala celoletna raba primarne energije na 
Zemlji.
3
 Da bi takšen energetski potencial lahko ekonomično izkoristili, je pomemben 
visok izkoristek pri pretvarjanju sončne energije v termično, mehansko in električno 
energijo, ter pri njenem shranjevanju, da je na voljo v primeru oblačnosti in v nočnem 
času. Dva glavna tipa sončnih elektrarn danes sta zgrajena na dveh principih: prvi so 
sončno-toplotni (ST) sprejemniki, kjer nastaja toplota, drugi pa fotovoltaične celice 
(PV), ki neposredno proizvajajo elektriko. ST elektrarne uporabljajo tehnologijo 
koncentrirane sončne moči (CSP), kjer z uporabo ogledal koncentrirajo sončno 
sevanje in s tem povečajo vnos energije na površino sprejemnika. 
 
Slika 1. Koncentratorska sončna elektrarna Ivanpah s tremi stolpnimi sprejemniki, ki 
se nahaja v puščavi Nevada, Kalifornija, ZDA. Ima 377 MWnet izhodne električne 








Poznamo štiri glavne tipe CSP tehnologij, ki se razlikujejo glede na velikost, 
geometrijo ogledal in sprejemnika, obratovalno temperaturo in izhodno moč. To so 
stolpni sprejemnik (TR), parabolična kad (PT), linearni Fresnel-ovi reflektorji (LFR) 
in parabolični krožnik (PD).6,7  
Takšne CSP elektrarne so zgrajene na območjih z visoko intenzivnostjo 
("Sončni pas") sončnega sevanja (globalno horizontalno obsevanje, GHI). Površine z 
visoko refleksijo svetlobe, kot so ogledala (heliostati), omogočajo koncentriranje 
sončnega sevanja do intenzivnosti 4000 sonc na površini sprejemnika, ki sončno 
energijo pretvarja v termično energijo.
8  
Elektrarne CSP-TR (Slika 1) imajo veliko polje ogledal okoli stolpnega 
sprejemnika, ki so vodena s sistemom za dvo-osno sledenje soncu, da lahko sončno 
svetlobo preko dneva učinkovito koncentrirajo na centralni sprejemnik.9   
 
Slika 2. Spekter sončnega sevanja (ASTM G173-03) nad atmosfero (rdeči) in na 























































































 Sončno sevanje nad atmosfero








Absorbirana energija se pretvori preko turbine v mehansko in dalje z 
generatorjem v električno energijo, lahko pa se shrani v rezervoarjih v materialih z 
visoko toplotno kapaciteto ali se uporabi kot procesna toplota v industriji in 
kmetijstvu.  
Sončna energija ali sončno sevanje je elektromagnetno sevanje, ki je sestavljeno 
iz ultravijoličnega, vidnega in infrardečega dela (Slika 2). Količino sončne energije, 
ki prihaja na Zemljo, merimo na ravnini, ki je pravokotna na sončne žarke in se 
imenuje direktno normalno obsevanje (DNI), ter predstavlja gostoto energijskega toka 
v W/m2. DNI zunaj atmosfere se imenuje solarna konstanta z vrednostjo 1367 W/m2, 
in je rezultat integrala rdečega grafa (Slika 2) z mejami integrala valovnih dolžin od 
280 nm do 2500 nm.10,12   
Zaradi absorpcije, odboja in sipanja na molekulah vode, CO2 in O2 v atmosferi je 
največja vrednost DNI na Zemljini površini manjša za 27 % in znaša 1000 W/m2, a je 
glede na geografsko lokacijo lahko precej nižja.13–15 Sončno sevanje, ki se sipa na 
delcih v atmosferi in doseže Zemljino površino kot difuzno sevanje, ni mogoče 
uporabiti za CSP.16  Podatkovne karte za izmerjeni dolgoročni povprečni DNI za vse 
celine (Slika 3) ali za posamezne države, so na voljo na spletni strani SolarGIS.11  
 








6.1 Spektralna selektivnost 
Spektralna selektivnost je razmerje med solarno absorptivnostjo (αS) in termično 
emisivnostjo (εT),
24


















                                             ( 2 ) 
 
kjer je Is (λ) referenčno solarno spektralno obsevanje AM 1.5 (ASTM G-173-03), R 
(λ) je spektralna refleksija in Ib (λ) je sevanje črnega telesa pri 80 °C.  
Solarno sevanje zaradi dvojne narave lahko obravnavamo kot valovanje ali kot 
kvantizirane delce energije brez mase, fotone. Absorpcija fotona v trdnem materialu 
se  zgodi, če je energija fotona ravno pravšnja, da vzbudi elektron iz osnovnega 
energetskega stanja ali orbitale na energetsko višjo orbitalo.
25,27
 Razmerje med 
frekvenco vpadnega sevanja in energijsko razliko med energijskimi stanji je opisano z 
enačbo 3. 




Za premagovanje specifične energijske razlike ΔE med orbitalami je potrebno 
sevanje s točno frekvenco ν, kjer je h Planck-ova konstanta. Če za energetski prehod 
elektrona uporabimo sevanje z večjo valovno dolžino in nižjo frekvenco, kot je 
infrardeče, se ta ne absorbira, ker je energija fotonov prenizka, temveč se v odvisnosti 









V primeru molekul je energija povezana s pasovi, ki so sestavljeni iz treh 
komponent: elektronske, vibracijske in rotacijske.  
Elektronski del izvira iz energijskih stanj veznih elektronov, vibracijski del iz 
medatomskih vibracij in rotacijski del iz rotacijskih gibanj znotraj molekule. Število 
rotacijskih stanj je večje od števila vibracijskih, oba pa sta večja od števila 
elektronskih stanj. Ta vzbujena stanja v trdnem materialu niso trajna, ampak se 
sprostijo nazaj v osnovno stanje s procesi, pri katerih se energija pretvarja v EM 
sevanje ali toploto. V primeru pretvorbe v toploto se vzbujevalna energija v majhnih 
korakih pretvori v kinetično energijo s trkom z drugimi molekulami, rezultat teh trkov 
pa je zvišanje temperature, kar segreje površino sprejemnika CSP. Idealno bi bilo 
zasnovati tako prevleko, ki selektivno absorbira fotone iz sončnega spektra in ne 
izgublja energije z infrardečim sevanjem. 
 
Slika 4. Idealne selektivne lastnosti spektralno selektivne prevleke pri temperaturi 
površine sprejemnika 800 ° C (črni vzorec) sta 100-odstotna absorpcija sončnega 
spektra, predstavljena s spektrom AM 1.5 ASTM G-173-03 levo od λcut, in 100% 
refleksija infrardečega sevanja desno od λcut, kjer se nahaja večji del sevanja črnega 













































 Sevanje črnega telesa pri 800 °C













Učinkovitost industrijskega CSP sprejemnika je opredeljena kot: 





 )                                         ( 4 ) 
kjer je σSB Stefan-Boltzmann-ova konstanta, je TH temperatura sprejemnika na 
površini, Tamb temperatura okolice, I integral spektra sončnega sevanja in C faktor 
koncentracije sončnega sevanja, izražen z razmerjem površine ogledal in površine, ki 
sevanje absorbira na sprejemniku. Z uporabo spektralno selektivnih prevlek na 
stolpnih sprejemnikih namesto neselektivnih je možen do 35% večji izkoristek pri 




Slika 5. Glavne lastnosti industrijske spektralno selektivne prevleke, potrebne za 
večletno visoko učinkovito uporabo prevleke na CSP stolpnem sprejemniku.  
Glede na načrt ministrstva za energijo ZDA mora biti tretja generacija sončno-
toplotnih sprejemnikov spektralno selektivna, kar pomeni visoka absorpcija sončne 
svetlobe vsaj 97 % ali več pri visoki temperaturi (> 750 ° C), hkrati pa mora imeti 








Slika 4 prikazuje idealne selektivne lastnosti spektralno selektivne prevleke pri 
temperaturi sprejemnika 800 ° C.  
Idealna mejna valovna dolžina (λcut), ki predstavlja prehod idealne prevleke od 
100% absorpcije do 100% odboja elektromagnetnega sevanja, je narisana z rdečo 
črtkano linijo in je odvisna od temperature sprejemnika (Trec) in faktorja koncentracije 
sonca (C). Na primer pri Trec = 800 °C in C = 1000 je λcut pri 1790 nm.
29
 
Shema (Slika 5) prikazuje kombinacijo najpomembnejših lastnosti spektralno 
selektivnega premaza za CSP-TR. Stolpni sprejemnik lahko doseže svoj največji 




6.2 Namen in hipoteze  
Namen te doktorske disertacije je bil pripraviti, uporabiti in okarakterizirati 
spektralno selektivne prevleke, nanešene na substrate, ki se uporabljajo za stolpne 
sprejemnike koncentratorskih sončnih elektrarn (CSP). Pričakuje se, da bodo te 
prevleke imele visoko sončno absorptivnost (αS> 95%), nizko termično emisivnost (εT 
<60%) in dolgoročno stabilnost (> 1000 h) pri delovni temperaturi CSP (> 700 ° C). 
Takšna prevleka bi povečala učinkovitost pretvorbe sončne energije v električno in 
prispevala k nižji ceni električne energije, proizvedene s CSP. Glavne hipoteze so 
naslednje: 
1. Pigmenti z visoko αS in nizko εT, ki se uporabljajo v formulacijah barv, bodo 
v barvah na osnovi silikona znižali visoke vrednosti εT in povečali 
učinkovitost sprejemnikov. 
Smernice za tretjo generacijo sončnih absorpcijskih prevlek so pokazale potrebo po 
prevlekah z nizko termično emisijo za tehnologijo koncentratorskih sončnih elektrarn, 
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da bi zmanjšali termične izgube na površini sprejemnika. S spreminjanjem kristalne 
strukture in sestave pigmenta, gostote in površinske hrapavosti prevleke 
predvidevamo izboljšane optične lastnosti prevleke. Vključitev kovin, kot so Al, Fe, 
Ni, Mo in Cr, v kristalno strukturo spinelnega pigmenta s kemijsko formulo 
CuMn1.5Fe0.5O4 lahko zniža εT in ohrani ali zviša visoko αS pigmenta.  
Ker ni metode za napovedovanje IR refleksije anorganske spojine, bomo naredili 
poskuse dopiranja z večimi kovinami, in po analizi izbrali najboljši material. Podoben 
pristop dopiranja pigmentov z različnimi kovinami je že možno najti v literaturi.
107–109
 
2. Depozicija zelo tankih in gostih keramičnih prevlek Al2O3 in SiO2 na substrat 
bo zaščitila substrat pred visokotemperaturno termično oksidacijo in 
korozijo in hkrati zagotovila stabilno nizko εT, kar je bistveno za zmanjšanje 
termičnih izgub z sevanjem.  
Termične izgube s sevanjem se pri zvišanju delovne temperature s 600 °C na 750 
°C lahko na sprejemniku s površino 1130 m² povečajo za 33 MW. 
Za nizko termično emisijo spektralno selektivnih prevlek je potrebna visoka refleksija 
substrata v območju valovnih dolžin IR (1.5-16 μm), kar dosežemo z znižanjem 
hrapavosti površine substrata. Predvidevamo, da materiale kot je  ijev in silicijev 
dioksid lahko uporabimo za pripravo tankih filmov, ki preprečujejo oksidacijo 
substrata, saj le ta poveča hrapavost in posledično termično emisijo. Sinteza takšnih 
sol-gel keramičnih prevlek bo delovala kot visokotemperaturno odporna zaporna plast 
za difuzijo kisika, ki bo imela tudi zelo gladko (zrcalno) površino, ki odbija infrardeče 
sevanje. To je pomembno za doseganje visokotemperaturne protikorozijske zaščite in 
nizke εT, kar je potrebno za spektralno selektivne prevleke.  
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3. Uporaba novih metod, kot je lasersko sintranje bo omogočila nizko 
temperaturno utrjevanje prevlek in tako preprečila termično oksidacijo 
substrata, kar bo zagotovilo boljšo stabilnost in boljše optične lastnosti 
prevlek.  
Lasersko sintranje so že uporabili za sintranje volframovih mikro in nano delcev na 
substratih iz nerjavečega jekla.
34,35
 Lasersko sintrani volframovi premazi so bili 
spektralno selektivni, stabilni 36 ur na zraku pri 650 °C, izdelava pa je bila stroškovno 
učinkovita.  Lasersko spreminjanje površine v nano dimenzijah ustvari površino, ki 
ima učinek lovljenja svetlobe.
99
 Predvidevamo, da bo lasersko sintranje na materialih, 
kot so tanke sol-gel Al2O3 prevleke in pigmentni nanodelci CuFe0.5Mn1.5O4, ustvarili 
stabilno visokotemperaturno prevleko za stolpne sprejemnike, ki bo združevala 
lastnosti kot so učinkovita zaporna plast za difuzijo kisika, nizka termična emisivnost 
in visoka sončna absorpcija.  
4. Funkcionalizacija površine pigmenta s poliedrskimi oligomernimi 
silseskvioksani (POSS) bo ustvarila zaščitno prevleko na pigmentnih delcih, 
ki bo preprečila difuzijo kovinskih ionov pri visokih temperaturah.  
Kadar so prevleke na kovinskih substratih izpostavljene visokim temperaturam, so 
izpostavljene tudi višji hitrosti difuzije ionov iz substrata v prevleko. Kovinske zlitine 
kot zlitine 617, 625, Haynes 230 in druge pri visokih temperaturah na zraku tvorijo na 
površini različne plasti kovinskih oksidov, ki jih lahko sestavljajo Cr2O3, NiO, Fe2O3 
in drugi oksidi. Kovinski ioni lahko difundirajo v delce pigmenta in znižajo αS ali 
zvišajo εT prevleke. Predvidevamo, da bo površinska funkcionalizacija nanodelcev 
pigmenta CuMn1.5Fe0.5O4 z glicidil-poliedrskimi oligomernimi silseskvioksanom 
(GPOSS) monomeri zaščitila pigmentne delce pred neželeno visokotemperaturno 
difuzijo in hkrati ohranila enake optične lastnosti kot jih ima komercialni pigment. 
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5. Langmuir-Blodgett mono-, di- in triplasti POSS prevlek na kovinskem 
substratu bodo preprečile termično oksidacijo substrata in bodo zaradi 
izjemno nizke debeline vzdrževale stabilno nizko εT.  
Langmuir-Blodgett tehnika nanašanja je bila razvita za izdelavo monomolekularnih 
filmov z natančnim nadzorom gostote sloja molekul pred nanosom na substrat.
100
 
Ker je refleksija infrardečega sevanja odvisna od debeline spektralno selektivne 
prevleke na visoko IR odbojnem substratu, mora biti debelina prevleke manjša od 4 
µm.
101
 Na ta način je prozorna za infrardeče sevanje in ne zvišuje εT. Predvidevamo, 
da bo nekaj nanometrov debel monomolekularni sloj POSS povečal protikorozijsko 
zaščito podlage in pustil dovolj prostora, da na substrat nanesemo prevleko z visoko 
αS, ki ne bo debelejša od 4 µm.  
 
6. S sintezo in vključitvijo dvodimenzionalnih anorganskih spojin MXene z 
visoko αS v prevleko na osnovi silikonske smole bo dosežena visoka αS (> 
90%) in visoka termična stabilnost prevleke za stolpni CSP sprejemnik. 
MXene so nova vrsta dvodimenzionalnih plastovitih materialov, ki imajo 
kombinacijo vrhunskih lastnosti, kot so edinstvene morfologije, dobre elektronske in 
toplotne prevodnosti, ter dobre mehanske lastnosti.
102
 Aplikativni potencial 
sintetiziranih MXen bomo analizirali kot del spektralno selektivnih prevlek za 
visokotemperaturne sončne sprejemnike. 
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6.3 Rezultati in razprava 
Za izboljšanje optičnih lastnosti in življenjske dobe trenutnih industrijskih HSA 
prevlek je bila spremenjena struktura in površina standardnega pigmenta. Iz 
modificiranih pigmentov so bile pripravljene prevleke, ter testirane optične lastnosti 
in stabilnost prevlek. Ker sta substrat in prevleka izpostavljeni velikim termičnim 
obremenitvam, sta nagnjena k termični oksidaciji, difuziji in razpadu. Za preučevanje 
teh učinkov smo substrat brez nanosa in z nanosom HSA prevleke termično starali in 
analizirali. Da bi zaščitili substrat in prevleko pred oksidacijo in izboljšali optične 
lastnosti, smo na podlago nanesli Langmuir-Blodgett POSS in sol-gel Al2O3 zaščitne 
prevleke. Kot zamenjava standardnega pigmenta v HSA prevleki je bil uporabljen nov 
MX-ene material, s katerim so preučili njegov potencial za visoko zmogljive CSP-TR 
prevleke. 
6.3.1 Modifikacija strukture pigmenta 
Po kalcinaciji stisnjenih pigmentnih prahov z dodanimi kovinskimi ioni smo opazili 
spremembe v optičnem videzu vzorcev (Slika 6). Osnovni vzorec je komercialni 
pigment Black 444 v obliki prahu, nato ročno zmlet v ahatni terilnici in stisnjen v 
pelete. Po videzu so začetni peleti črni (Slika 6a), a po 24 urah kalcinacije pri 1000 °C 
v zraku postanejo rahlo sivi (Slika 6b), kar se zgodi zaradi ločevanja faz in nastajanja 
kovinskih oksidov, kot je prikazano na XRD grafu (Slika 7B). Vzorci pigmentov, ki 
so vsebovali Al, Fe, Ni, Mo in Cr, so bili v istem zaporedju kot so našteti elementi 
različnih barv: rjav (Slika 6c), svetlo rjav (Slika 6d), rjav (Slika 6e), svetlo siv (Slika 
6f) in temno rjav (Slika 6g). Barva materiala je med drugim odvisna tudi od oblike 
materiala. Ko so bili ti peleti zmleti v fin prah, so bile barvne variacije manj 
intenzivne.  
Luka Noč 






   
 
Slika 6. Videz pigmentov po mletju in stiskanju (a) komercialni pigment Black 444, in 
kalcinirani pigmenti pri 1000 ° C na zraku 24 ur (b) osnovni Black 444, in s 3 mas. % 
dodatka (c) Al, (d) Fe, (e) Ni, (f) Mo in (g) Cr.  
6.3.2 Kristalna struktura pigmentov 
Spinel CuFe0.5Mn1.5O4 ima kubični kristalni sistem, ki spada v prostorsko skupino 






)4, in ima isto 
kristalno strukturo kot mineral MgAl2O4. Struktura spinela je sestavljena iz 
dvovalentnih in trivalentnih kovinskih kationov in anionov. Anioni so lahko 
halkogeni (X = O, S, Se, Te), halogenidi, nitridi, cianidi in nitriti.
118
 Med anioni v 
osnovni celici je 96 intersticij, od tega 64 tetraedrskih, 32 pa oktaedrskih. Kationi v 
spinelu zasedajo 8 tetraedrskih in 16 oktaedrskih mest.
119
 
 V normalnem spinelu dvovalentni kationi zasedajo tetraedrska mesta, trivalentni 
kationi pa zasedajo oktaedrska mesta. V inverznem spinelu dvovalentni ioni 
(c) (b) (a) 
(d) (e) (f) 
(g) 
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Večina spinelov ima razporeditev kationov nekje vmes med idealno razporeditvijo 
normalnega in inverznega spinela.
119
 Ali je spinelni tip normalen ali inverzen je 
odvisno od stabilizacijske energije kristalnega polja (CFSE) kationov v spinelu. CFSE 
je merilo za stabilnost, ki jo dosežemo s prednostnim polnjenjem nižje ležečih d-
orbital v primerjavi z naključno zasedenostjo vseh petih d-orbital.
121
 
CFSE vrednosti za konfiguracije orbital od d0 do d10 se nato lahko uporabijo za 
izračun prednostne energije oktaedrskega mesta (OSPE), ki je opredeljena kot CFSE 
oktaedrskega mesta, ki ji odštejemo CFSE tetraedrskega mesta.
122
 
V literaturi poročajo o izračunanih vrednostih OSPE za nekatere ione prehodnih 
kovin v spinelu.
123
 Vrednosti so 15,6 kcal/mol za Cu
2+
, 25,3 kcal/mol za Mn
3+
 in 0 
kcal/mol za Fe
3+
. V skladu s teorijo CFSE in OSPE ima spinel CuFe0.5Mn1.5O4 
inverzno strukturo spinela, ker ima Cu
2+
 višji OSPE kot Fe
3+
 in zato namesto 
tetraedrskih mest zaseda oktaedrska mesta. Ker je OSPE Fe
3+
 enak nič, kar je najnižje 
od vseh kationov, nima prednostnega mesta in zavzema tetraedrska mesta.
124
  
Dolžina stranice osnovne celice spinela CuFe0.5Mn1.5O4 znaša 8,41 Å. Ionski 
polmeri kationov v komercialnem pigmentu Black 444 znašajo 49 pm za Fe
3+
 v 
tetraedrski koordinaciji, 73 pm za Cu
2+
 in 64,5 pm za Mn
3+
 (oba oktaedrska 
koordinacija).
126
 Iz teh podatkov lahko tudi sklepamo, da manjše tetraedrsko mesto 
zaseda manjši Fe
3+
 namesto večji Cu
2+
. Anionski kisik ima ionski polmer 138 pm v 
tetraedrski koordinaciji in 140 pm v oktaedrski koordinaciji.
125
  
Difraktogram A (Slika 1) predstavlja osnovni spinelni pigment Black 444 in 
difraktogram B predstavlja isti pigment, kalciniran pri 1000 ° C na zraku za čas 24 ur. 
Vrhovi z indeksiranimi ravninami (111), (220), (311), (222), (400), (422), (511) in 
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Slika 7. XRD spektri kupljenega pigmenta Black 444 (A), kalciniranega pigmenta 
Black 444 (B) in vzorcev enakega pigmenta s 3 mas.% dodatka kovinskih ionov (C = 
Al, D = Fe, E = Ni, F = Mo, G = Cr). 
V oksidacijskih pogojih je spinel v ravnovesju z binarnimi oksidi, kot so Fe3O4, 
Cu2O in MnO, kar vidimo iz analiziranih faz v difraktogramu B (kalcinirani pigment 
Black 444). Vrhovi difraktograma B so ožji in intenzivnejši kot nekalcinirani pigment 
(difraktogram A), kar pomeni večjo kristaliničnost in velikost kristalov pigmentnih 
delcev.
136
 Difraktogram B ima poleg spinelnih vrhov dodatne vrhove za faze Fe3O4, 
Cu2O in MnO zaradi segregacije Fe, Cu in Mn iz kristalne faze osnovnega spinela. 
Difraktogrami C, D, E, F in G imajo 3 mas. % dodatkov Al, Fe, Ni, Mo in Cr v istem 
zaporedju in so bili kalcinirani po enakem postopku kot vzorec B. 




























































































Ali pri dopiranju ioni zasedejo intersticijska ali substitucijska mesta v mreži 
kristalne rešetke, je odvisno od velikosti in valence teh ionov v primerjavi z ioni v 
osnovni celici.
127
 Ionski polmeri dodanih kationov so 61,5 pm za Cr
3+
, 60 pm za Ni
2+
, 
53,5 pm za Al
3+





Če ima dopantni ion večji polmer kot prvotni ion, se zgodi deformacija kristalne 
mreže v spinelu in takšni ioni ne morejo zamenjati prvotnih ionov v spinelu, kar vodi 
v nastanek nečiste faze. Ioni z večjim polmerom zasedajo meje zrn namesto kristalne 




Difraktogrami D, E in G  (Slika 7) z dodatkom ionov Fe, Ni in Cr nimajo dodatnih 
faz v primerjavi s difraktogramom B, kar vodi k ugotovitvi, da so dodani kovinski 
ioni dopirali kristalno strukturo spinela in nadomestili prvotne katione (Cu, Mn ali Fe) 
v komercialnem B444 pigmentu. To ugotovitev potrjujejo EDXS analize delcev, 
katerih rezultati sledijo v naslednjem poglavju. 
Difraktogram D (Slika 7) prikazuje difrakcijske vrhove pigmenta, dopiranega z 
železom. Ker ima ta difraktogram v primerjavi z ostalimi vzorci najčistejšo kubično 
spinelno fazo brez dodatnih ločenih oksidnih faz, lahko iz tega sklepamo, da 
dodajanje železa k pigmentu Black 444 spodbuja nastanek spinelne faze iz ločenih 
oksidnih faz Fe3O4, Cu2O in MnO, ki jih opazimo npr. v vzorcu komercialnega 
kalciniranega črnega Black 444 pigmenta (difraktogram B, Slika 7). OSPE za Fe
3+
 je 
enak nič, kar pomeni, da ni nobene prednostne strani in da ti ioni lahko zasedajo 
tetraedrsko in oktaedrsko mesto, medtem ko OSPE za Ni
2+
 (difraktogram E, Slika 7) 
znaša 22,8 kcal/mol, kar je večje od Cu
2+
 in nižje od Mn
3+





 v mreži kristalne rešetke.  
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 OSPE za Cr
3+
 (difraktogram G na sliki 18) je 46,7 kcal/mol, kar pomeni, da imajo 
ti ioni veliko prednost za oktaedrsko mesto in zato zamenjajo Cu
2+
, ker imajo bakrovi 
(II) ioni nižji OSPE kot manganovi (III) ioni.  
Vzorci v difraktogramih C in F so tvorili nove faze spinela, Al2CuO4 in MnMoO4. 
Al
3+




 in je tvoril novo spinelno fazo Al2CuO4, 
namesto da bi zamenjal kation v CuFe0.5Mn1.5O4.  
Mo
4+




 in tvori novo spinelno fazo MnMoO4, ki je 
prikazana v difraktogramu F. 
6.3.3 Nano ločljivostna morfologija pigmentnih delcev z analizo 
porazdelitve elementov 
Da bi nadalje raziskali, kako pride do vključitve dodanih kovinskih ionov v 
osnovno kristalno strukturo pigmenta CuMn1.5Fe0.5O4, smo ga analizirali s 
transmisijsko elektronsko mikroskopijo, energijsko-disperzijsko rentgensko 
spektroskopijo (EDXS) in spektroskopijo izgube energije elektrona (EELS).  
Slika 8 prikazuje morfologijo in elementarno sestavo, Slika 9 pa EDXS mapiranje 
elementov, ki sestavljajo pigmentne delce. Kristaliti pigmenta Black 444 so okrogle 
oblike in tvorijo aglomerate (Slika 8), povprečna velikost kristalitov pa je nekje med 
30 nm in 40 nm. Kristalna struktura ustreza strukturi kubičnega spinela, kar 
potrjujemo z XRD in elektronsko difrakcijo (Slika 8e). 
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Slika 8. (a) STEM HAADF in (b) STEM BF slike delcev CuMn1.5Fe0.5O4 s (c) 
spektrom EDXS in (d) spektrom EELS, ki prikazuje vrhove, ki ustrezajo O, Mn, Fe in 
Cu. (e) Difrakcijski vzorec in (f) struktura atomskega modela CuMn1.5Fe0.5O4 (O-
rdeča, Cu modra, Fe-rumena in Mn-vijolična). 
EDXS mapiranje prikazuje porazdelitev elementov Cu, Fe, Mn in O v kristalitih, 
kjer je na nekaterih področjih opaziti nehomogeno porazdelitev Cu in Fe (Slika 9).   
 
Slika 9. (a) HAADF in BF sliki skupaj z EDXS analizo nekaterih delcev 
CuMn1.5Fe0.5O4. (b) HAADF slika in EDXS analiza področja delcev, ki prikazuje 
nehomogeno porazdelitev Cu in Fe. 
EDXS mapiranje za dopirane pigmentne delce je podrobno predstavljeno v 
poglavju 4.1.3 Nano-resolution pigment particle morphology and distribution of 
elements.   
Luka Noč 




6.3.4 Priprava prevlek 
Kalcinirani pigmenti, opisani v poglavju 6.3.1, so bili uporabljeni za pripravo 
spektralno selektivnih prevlek. Fotografije vzorcev (Slika 10) so bile posnete po 
termičnem utrjevanju, ki je sledilo nanosu s pištolo na stisnjeni zrak.  
   
   
Slika 10. Vzorci Inkonela 617 z nanosom barv, ki vsebujejo komercialni pigment 
Black 444 in enak pigment s 3 mas. % dodatka Al, Fe, Ni, Mo in Cr. 
Kot smo že opazili pri stisnjenih kalciniranih pigmentih, so se prevleke razlikovale 
tudi po barvnih odtenkih od črne do sive. Izmerjene debeline nanešenih prevlek po 
utrjevanju prikazuje Tabela 1.  
Tabela 1. Suhe debeline utrjenih prevlek narejenih s komercialnim in dopiranimi 
pigmenti. 
Dopant v 
















6.3.5 Površinska morfologija prevlek po utrjevanju 
Morfologija površine 20 × 20 µm
2
 prevlečenih vzorcev je bila analizirana z 
mikroskopom na atomsko silo (AFM), rezultate analize pa prikazuje Slika 11. 
   
   
Slika 11. AFM topološke slike površine prevlek, kjer je analizirano območje 400 µm
2
. 
AFM analiza je bila narejena po utrjevanju prevlek, kjer so vključeni različni 
pigmenti: (a) komercialni pigment Black 444 in enak pigment s 3 mas. % dodatka (b) 
Al (c) Fe (d) Ni (e) Mo in (f) Cr. 
AFM smo izvedli po 300 urah termičnega staranja, ker po tem času vrednosti αS in 
εT dosežeta stabilni plato (Slika 12 in Slika 13). Vrednosti kvadratične srednje 
hrapavosti (Rrms) za vzorce prikazuje Tabela 2. 
Tabela 2. Izračunane vrednosti kvadratične srednje hrapavosti (Rrms) za prevleke z 
različnimi pigmenti. 
Dopant v 
pigmentu / Al Fe Ni Mo Cr 
Rrms 
(nm) 1133 1154 1485 1711 1436 740 
 
Očitno je, da ima prevleka, ki vsebuje pigment dopiran s Cr, najnižje vrednosti 
Rrms in termične emisije (Slika 13), saj je termična emisija površinska lastnost, ki je 
(c) (b) (a) 
(f) (d) (e) 
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odvisna od površinske hrapavosti prevleke.
148,149
 Karas in sod. so poročali, da Rrms 
od 300 nm do 1 µm poveča absorpcijo UV-NIR svetlobe,
150
 kar govori v prid Cr-
dopirani prevleki. 
6.3.6 Optične lastnosti začetnih in termično staranih prevlek 
Refleksijski spektri vseh vzorcev so bili izmerjeni po utrjevanju prevleke med 
testom izotermnega staranja pri 800 °C na zraku vsakih 7 dni. Iz izmerjenih 
refleksijskih spektrov so bile izračunane vrednosti αS in εT (Slika 12 in Slika 13).  
 
Slika 12. Vrednosti sončne absorptivnosti (αS) prevlek, narejene s komercialnim 
pigmentom Black 444 in dopiranimi pigmenti. Vzorce smo starali v peči na zraku v 
izotermnih pogojih pri 800 °C in vrednosti izmerili vsakih 7 dni pri sobni temperaturi. 
B444 je spektralno neselektivna barva, pripravljena s komercialnim pigmentom 
Black 444, ki ima po utrjevanju z visok αS = 96,7 % in visok εT = 95 %. 
Vrednosti sončne absorptivnosti se najbolj spremenijo v prvih 300 urah preskusa 
termičnega staranja (Slika 12), nato pa se stabilizirajo. Ti grafi ne sledijo enakemu 
trendu kot vrednosti termičnih emisivnosti v istem času za enake vzorce (Slika 13), 



































vzorce B444 + Al in B444 + Fe po 300 urah termične obdelave, medtem ko se za vse 
druge vzorce vrednosti αS na začetku termičnega staranja znižajo. 
 
Slika 13. Vrednosti termične emisije (εT) prevlek, narejene s komercialnim pigmentom 
Black 444 in dopiranimi pigmenti. Vzorce smo starali v peči na zraku v izotermnih 
pogojih pri 800 °C in vrednosti izmerili vsakih 7 dni pri sobni temperaturi. 
Vzorca z najvišjo začetno vrednostjo αS sta prevleka z nedopiranim pigmentom 
B444 (96,7%) in pigmentom, dopiranim s Cr (96,5%). Po 1300 urah termičnega 
staranja imajo vzorci z B444 (95,5%) in prevleka z Al dodatkom (96,1%) najvišjo 
vrednost αS, sledijo jim Fe (95,3%) in Cr (95,1%) dopirani pigmenti. 
Trendi sprememb vrednosti εT s termičnim staranjem so za vse vzorce zelo podobni. 
Vse začetne vrednosti so nižje od vrednosti po termičnem staranju. Začetna razlika v 
vrednosti εT med najvišjo od vzorca B444 (94,9%) in najnižjo od vzorca B444 + Cr 
(85,6%) znaša 9,4%. Po 1300 urah termične obdelave se je εT vzorca B444 povečala 
na 96,1% in na 89,6% za vzorec B444 + Cr, ki tako tudi po termičnem staranju ostane 



































6.3.7 Pospešeno izotermno in ciklično termično staranje prevlek 
Vzorce substratov in prevlek, ki so bili izpostavljenim različnim izotermnim in 
cikličnim termičnim pogojem in različnim atmosferam z namenom ugotoviti vplive 
temperature in atmosfere na sam substrat in substrat s prevleko, prikazuje Tabela 3. 
Tabela 3. Oznake vzorcev v raziskavi izotermnega in cikilčnega termičnega staranja. 
Vzorec Opis 
617 Začetni  substrat  Inkonel 617  
B444 Črna prevleka 
730 Prevleke, izpostavljene  izotermni obremenitvi na  730 °C (zrak) 
750 Prevleke, izpostavljene  izotermni obremenitvi na  750 °C (zrak) 
750+O2 Prevleke, izpostavljene  izotermni obremenitvi na  750 °C v peči 
prepihovani z O2 
770 Prevleke, izpostavljene izotermni obremenitvi na  770 °C (zrak) 
b1 T1 Prevleke, izpostavljene ciklični obremenitvi med 25 in 730 °C, 
segrevalna hitrost 8 °C/min 
b1 T2 Prevleke, izpostavljene ciklični obremenitvi med 25 in 670 °C,  
segrevalna hitrost 8 °C/min 
b1 T3 Prevleke, izpostavljene ciklični obremenitvi med 25 in 560 °C,  
segrevalna hitrost 8 °C/min 
b2 T1 Prevleke, izpostavljene ciklični obremenitvi med 25 in 730 °C,  
segrevalna hitrost 12 °C/min 
b2 T2 Prevleke, izpostavljene ciklični obremenitvi med 25 in 670 °C,  
segrevalna hitrost 12 °C/min 
b2 T3 Prevleke, izpostavljene ciklični obremenitvi med 25 in 560 °C,  
segrevalna hitrost 12 °C/min 
b1+H T1 Prevleke, izpostavljene ciklični obremenitvi med 25 in 730 °C,  
segrevalna hitrost 8 °C/min, peč prepihovana s paro pri sobni temperaturi 
b1+H T2 Prevleke, izpostavljene ciklični obremenitvi med 25 in 670 °C,  
segrevalna hitrost 8 °C/min,  peč prepihovana s paro pri sobni temperaturi 
b1+H T3 Prevleke, izpostavljene ciklični obremenitvi med 25 in 560 °C,  
segrevalna hitrost 8 °C/min,  peč prepihovana s paro pri sobni temperaturi 
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Da bi razumeli in ocenili spremembe prevleke ter interakcijo z oksidno zaščitno 
plastjo, ki je nastala na površini Inkonela 617 zaradi termične oksidacije na zraku, 
smo naredili metalurške prereze in merili debelino oksidne vmesne plasti (Slika 14). 
Tudi kadar ima substrat HSA prevleko, ki se optimalno utrdi pri 600 °C, na površini 
substrata med utrjevanjem nastane oksidna plast debeline 110 nm (Slika 15). Slika 14 
kaže, da rast debeline oksidne plasti niha s temperaturo in parcialnim tlakom kisika.  
Najhitrejša rast oksidne plasti je bila opažena pri vzorcu, izpostavljenemu 
temperaturi 770 °C na zraku. Naslednji vzorci so bili izpostavljeni 750 °C s 
povečanim parcialnim tlakom kisika (750+O2), na zraku pri 750 °C (750) in na zraku 
pri 730 °C (730), kot prikazuje Slika 14. 
 
Slika 14. Rast debeline oksidne plasti za različne termične obremenitve vzorcev v 
odvisnosti od časa staranja vzorcev, izmerjena z  metodo metalurškega preseka 
(točke), ki so bile prilagajane krivuljam  z uporabo metode najmanjših kvadratov in 
programske opreme Gnuplot. 
Rezultati cikličnega staranja vzorcev kažejo podobno rast oksida, vendar manjšo 
debelino, čeprav so bili izpostavljeni različnim protokolom segrevanja in ohlajanja 
















Slika 15. FIB-SEM slika prečnega prereza oksidacijske plasti na Inkonelu 617 za: a) 
začetni vzorec B444 [povprečno 110 nm], b) vzorec b1 ΔT1 / 12 tednov (620 ciklov) 
[povprečno 320 nm] , c) vzorec b1 ΔT1 / 24 tednov (1142 ciklov) [povprečno 590 nm], 
d) vzorec 750/2 tednov [povprečno 670 nm], e) vzorec 770/14 tednov [povprečno 3,1 
μm]. 
Cr2O3 raste z difuzijo kovinskih ionov Cr iz notranjosti substrata in tvori oksidno 
plast na fazni meji oksidna površina/zrak. Zato lahko sloj Cr2O3 štejemo za material z 
volumsko spremembo in tvorbo zaostalih napetosti, ki lahko oslabijo adhezijo 
prevleke. Optično degradacijo kot posledico termičnega staranja lahko ovrednotimo z 
vrednostmi sončne absorptivnosti. Zmanjšanje αS je ključnega pomena tudi za 
pretvorbo sončne energije v toploto in posledično za učinkovitost CSP.  
 
Slika 16. Absorptanca vzorcev kot funkcija časa izpostavljenosti pri različnih 
temperaturah, izmerjena s FTIR spektrometrom pri sobni temperaturi (točke), ki so 
bile prilagajane (črte) z uporabo metode najmanjših kvadratov in programske opreme 
Gnuplot. 
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Vrednosti αS se počasi zmanjšujejo s časom za vse vzorce (Slika 16 in Slika 17), 




Slika 17. Absorptanca vzorcev kot funkcija števila termičnih ciklov z različnimi 
maksimalnimi temperaturami, ΔT1 = 700 °C, ΔT2 = 640 °C in ΔT3=530 °C in 
različnimi hitrostmi segrevanja b1 in b2 (A in C) in vključujoč vlago, b1 + H (B). 
Podatki so bili prilagajani krivuljam z uporabo metode najmanjših kvadratov in 
programske opreme Gnuplot.  
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Optična degradacija je pri cikličnih obremenitvah nastala hitreje v primerjavi z 
izotermnimi obremenitvami. Najhitrejša razgradnja pa je bila opažena pri vzorcih, ki 
so bili izpostavljeni cikličnim obremenitvam v kombinaciji z vlago (Slika 17B). 
6.3.8 Langmuir-Blodgett mono-, di-, in triplasti POSS prevlek 
Rentgenska fotoelektronska spektroskopija 
Langmuir-Blodgett filmi POSS so bili nanešeni na Inkonel 617 in analizirani z 
XPS. Vrhovi dekonvoluiranih enojnih spektrov XPS HR enojne plasti POSS na 
Inkonelu (LB-1) prikazuje Slika 18, ustrezne vezne energije in atomske koncentracije 
elementov pa predstavlja Tabela 4.  
 
Slika 18. XPS HR enojni spektri (a) Si 2p, (b) O 1s, (c) C 1s, (d) Cr 2p3/2, (e) Ni 
2p3/2 iz Langmuir-Blodgett monoplasti POSS, nanešene na polirani Inkonel 617. 
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Zvrsti, ki vsebujejo Si, C, H in O prihajajo iz plasti POSS. Zaznan je bil tudi kisik 
iz adsorbirane H2O na površini, in elementa Cr ter Ni, ki sta glavni sestavini Inkonela 
617. XPS globinske profile enojne, dvojne in trojne plasti POSS (LB-1, LB-2 in LB-
3) na Inkonelu 617 prikazuje Slika 19. Vsi trije vzorci so prekriti s tanko plastjo Si ‒O 
‒ C (Slika 19a ‒ c). 
Tabela 4. Vezne energije in atomske koncentracije zvrsti, zaznanih z XPS metodo 


















102 Si‒O/C‒Si‒O Si 2p 4.39 7.42 7.31 
285 C‒C/C‒H C 1s 
19.75 15.13 24.9 286 C‒O C 1s 
289 O‒C=C C 1s 
531 O
2‒
 O 1s 
51.43 46.95 48.46 532 C‒O/Si‒O/OH O 1s 












 Ni 2p3 7.46 2.42 4.69 
 
Koncentracija Si 2p na površini enojnega POSS sloja LB-1 je 4,4 at. % (Slika 19a, 
d). Ko na vrh prvega sloja nanesemo še drugega (LB-2), se koncentracija Si 2p 
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poveča na 6,9 at. %, vendar globina zaznanega Si 2p signala ostane enaka, to je 3 nm 
(Slika 19b, d). Iz tega je razvidno, da LB plasti POSS molekul niso popolno zložene 
ena na drugo, ampak nastanejo vmes tudi prazni prostori, ki jih zapolni ponovni LB 
nanos. Tudi po tretjem nanašanju (LB-3) se globina zaznavanja Si 2p poveča le na 3,5 
nm, kar ni dovolj za tri plasti POSS in zato pomeni nadaljnjo zgostitev prvega in 
drugega sloja (Slika 19c, d).  
  
  
Slika 19. XPS globinski profili (a) eno-, (b) dvo- in (c) troslojnih Langmuir-Blodgett 
POSS prevlek, nanešenih na Inkonel 617, s primerjavo profilov Si 2p za različne 
debeline prevleke (d). Poleg profila Si so na diagramih prikazani globinski profili za 
Ni, Cr, O in C. 
Pod površino Si-O-C je mešana oksidna plast, bogata z Ni-oksidom in Cr-oksidom, 
čemur sledi debelejši sloj, bogat z Cr-oksidom (Slika 19a-c). Mešana oksidna plast je 
zelo tanka, ker lahko po prvih 2 nm opazimo strm padec koncentracije O 1s v porastu 
koncentracije Ni 2p iz voluminoznega materiala Inkonel 617.  
Ker je ogljik na površini vzorcev LB (Slika 19a-c) prisoten le do globine 0,5 nm, je 
njegov izvor posledica površinske onesnaženosti v kratkem času, ko je vzorec 
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izpostavljen okolju (prenos iz plazme v XPS komoro) in iz ostankov organskih 
funkcionalnih skupin, vezanih na molekule POSS, potem ko smo jih oksidirali s 
Ar/O2 plazmo. Pod površino Si‒O‒C je mešana oksidna plast, obogatena z Ni-
oksidom in Cr-oksidom, čemur sledi debelejši sloj, bogat z Cr-oksidom (Slika 19a-c).  
Polarizacijske krivulje 
Slika 20 prikazuje potenciodinamične polarizacijske krivulje vzorcev substrata brez 
nanosa, LB-1a in LB-1. Korozijski potencial (Ecorr) za substrat je -0.376 V in se 
premakne k bolj pozitivnemu pri substratu s POSS prevleko (LB-1a; -0.334 V) in po 
obdelavi s plazmo (LB-1; -0.327 V), kar pomeni počasnejšo anodno in katodno 
reakcijsko hitrost in s tem boljšo korozijsko zaščito.
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 V primeru vzorcev s prevleko 





Slika 20. Potenciodinamične polarizacijske krivulje substrata (Inkonel 617) brez 
prevleke (črna), in LB POSS enoplastni film na enakem substratu po nanosu (modra) 
in po obdelavi z Ar/O2 plazmo, ki oksidira organske skupine (rdeča).  
Premik korozijskega potenciala (Ecorr) proti pozitivnim vrednostim sledi enakemu 
trendu kot premik izmerjenega potenciala odprtega kroga (OCP, Tabela 5), kar kaže 
na povezavo med OCP in Ecorr, tako kot že poročajo v literaturi.
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Tabela 5. Potencial odprtega kroga (OCP) po 30 minutah mirovanja in Ecorr 
vrednosti, izmerjene med elektrokemijskimi preskusi. 
Vzorec  OCP1 (V) OCP2 (V) Ecorr (V) 
In617 ‒0.044 ‒0.105 ‒0.376 
LB-1a ‒0.082 0.031 ‒0.334 
LB-1 0.282 0.067 ‒0.327 
 
6.3.9 Lasersko utrjene prevleke  
V prvi fazi smo preizkusili več različnih laserskih parametrov za utrjevanje Al2O3 
prevleke, nanešene na substrat iz raztopine (Slika 21A), in HSA prevleke, nanešene 
na substrat s sprejem (Slika 21B). Vsak kvadratek ima dimenzije 7 mm x 7 mm in 
prikazuje rezultat utrjevanja z laserjem.   
 
 
Slika 21. Lasersko sintrani kvadratki s površino 49 mm
2
 na (A) sol-gel Al2O3 in (B) 
HSA črni prevleki na poliranem Inkonelu 617. 
Rezultati so pokazali, da laserski parametri močno vplivajo na spremembo površine 
obeh vzorcev. Obarvanost kvadratov (Slika 21) je posledica nadzorovane površinske 
oksidacije zaradi interakcije prevleke in substrata z laserskim žarkom.
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  Vzorec s 
HSA prevleko (Slika 21B) je pokazal, da je bila na skoraj vseh kvadratkih prevleka 
popolnoma odstranjena oz. je izgubila črno barvo in posledično visok αS. Razlog za 
A B 
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takšno obnašanje je premočna absorpcija med interakcijo HSA prevleke z laserskim 
žarkom, kar je povzročilo taljenje in izhlapevanje prevleke. 
Vzorec z Al2O3 (Slika 21A) je bil izpostavljen povišani temperaturi, da smo videli 
termično stabilnost z različni laserskimi parametri sintranih kvadratov. Po vizualni 
oceni so bili za sintranje vzorca prevleke Al2O3 z večjo površino 5 cm x 5 cm na 
Inkonelu 617 izbrani parametri laserskega sintranja (Slika 21A, rdeči kvadrat), da je 
bilo mogoče izmeriti UV/VIS in IR refleksijo na začetku in po termičnem staranju. 
 
Slika 22. Termična emisivnost v odvisnosti od časa termičnega staranja lasersko 
utrjene Al2O3  prevleke z vključeno SEM sliko pred začetkom termičnega staranja na 
zraku pri 800 °C. 
Naši rezultati razkrivajo, da je lasersko sintrani sloj Al2O3 pokazal odlično termično 
stabilnost in stabilno nizko εT, ki je bila 19% po 94 h staranja pri 700 °C v peči na 
zraku (Slika 22). 
Zaradi tako dobre termične stabilnosti je bila na isti vzorec z Al2O3 prevleko s 
sprejem nanešena HSA prevleka z debelino 1,7 μm (Slika 23a). Metalurški prerez po 
termičnem utrjevanju HSA prevleke smo analizirali z EDS linijsko analizo, da smo 















Lasersko utrjena površina 
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debelino Al2O3 in HSA prevleke (Slika 23c). Grafi EDS linijske analize prikazujejo 
signale iz substrata (Ni), preveke iz Al2O3 (Al) in iz veziva s HSA prevleko (Si).  
  
 
Slika 23. (a) SEM slika metalurškega prereza HSA prevleke na Al2O3, nanešeni na 
Inkonel 617, (b) EDS linijska analiza, ki razkriva (c) elementarno sestavo substrata 
(Ni), Al2O3 prevleke (Al) in silikonskega veziva (Si) HSA prevleke.  
Prevleka iz Al2O3, na katero je bila nanešena HSA, je bila izpostavljena istemu 
programu termičnega staranja kot vzorec brez HSA (Slika 22), s to razliko, da je bila 
αS zaradi HSA prevleke 95 % (Slika 24). Vzorec je pokazal odlično termično 
stabilnost brez vidne razgradnje prevleke in stabilno visoko αS 95% in nizko εT 57% 























Slika 24. αS in εT HSA prevleke, nanesene na lasersko sintrani Al2O3, na začetku in po 
1, 2, 3, 27 in 94 urah termičnega staranja pri 700 °C na zraku. Vstavljena slika 
prikazuje UV/VIS (črna) in IR (rdeča) refleksijska spektra (rdeča črta), po 27 urah 
termičnega staranja, dodan je sončni spekter (rumena) in sevanje črnega telesa pri 
700 °C (modra). 
6.3.10 Borofen kot pigment za visoko zmogljivo absorpcijsko prevleko 
Po pripravi in izolaciji borofena smo posneli SEM sliki pri 50 000x in 100 000x 
povečavi, ki prikazujeta večplastni borov material (slika 80a, b). 2D borove ploščice 
se držijo skupaj kot aglomerati, vendar lahko na sliki 80b opazimo posamezne luske 
iz ene plasti borovih atomov. 
 





























 Sevanje črnega telesa 700°C






































Po eksfoliaciji smo borofenske ploščice uporabili kot pigment v visoko zmogljivi 
spektralno selektivni prevleki in jo nanesli na substrat s sprejem. Prevlečeni vzorci 
Inkonela 617 so prikazani po utrjevanju v inertni atmosferi (Slika 26a) in po 
termičnem staranju 2h pri 600 ° C v zraku (Slika 26b). Utrjena prevleka je bila na 
videz z več sijaja in z αS 93,6%, ter z zmanjševanjem αS pri večjih valovnih dolžinah 
(modra črta), termično starana pa je bila bolj mat videza s še višjo αS 94,3%, 
enakomernejšo absorpcijo v valovnih dolžinah UV/VIS/NIR (zelena črta) in dobro 
termično stabilnostjo na zraku pri 600 °C. 
 
Slika 26. (a) refleksijski spekter prevleke z borofenom po nanosu s sprejem in (b) po 
termičnem staranju 2h pri 600 ° C v atmosferi zraka. Rdeča črtkana črta predstavlja 
idealno spektralno selektivnost prevleke. Na levi strani je prikazan sončni spekter AM 
1.5. 
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V tej nalogi je bilo predpostavljenih šest hipotez, katerih namen je bil razviti in 
izboljšati visokotemperaturne spektralno selektivne prevleke za CSP elektrarne s 
centralnim sprejemnikom na stolpu. Glede na hipoteze so bili načrtovani 
laboratorijski eksperimenti in instrumentalne tehnike za karakterizacijo materialov. 
Delo je bilo razdeljeno na dva glavna dela: (1) razvoj spektralno selektivnih 
pigmentov za prevleke in (2) razvoj spektralno selektivnih prevlek. Glavni povzetki 
rezultatov so: 
 S preučevanjem strukture spinela smo pokazali, da spinelni pigment 
CuMn1.5Fe0.5O4 lahko uspešno dopiramo z Fe, Ni in Cr ioni. Karakterizacija 
dopiranih pigmentov je bila izvedena s TEM analizo, ki je pokazala 
enakomerno porazdelitev ionov Fe, Ni in Cr v strukturi spinela, kar pomeni, 
da so nastale nove kemijske sestave spinela.  
 Največji izkoristek pri pretvorbi sončne v termično energijo je bil dosežen, ko 
je bil za pripravo prevleke sprejemnika uporabljen dopiran pigment s sestavo 
Cu0.86Cr0.14Mn1.5Fe0.5O4. Izboljšanje optičnih lastnosti prevlek z uporabo Cr-
dopiranega pigmenta, s termično emisijo 85,6% in hkrati visoko sončno 
absorpcijo 96,5%, je mogoče pripisati uspešno spremenjeni kemijski sestavi 
pigmenta, ki pogojuje odziv materiala na elektromagnetno sevanje. 
 Dolgo življenjsko dobo sprejemnika dosežemo z izbiro ustreznih prevlek za 
določen substrat, skupaj z načrtnim nanašanjem in programom utrjevanja 
prevleke. Pod pogoji izotermne in ciklične termične obremenitve prevleke 
smo ločeno obravnavali optično in mehansko degradacijo, da bi ugotovili, 
katera od obeh ima večji prispevek pri degradaciji prevleke. Optična 
Luka Noč 




degradacija je prevladujoči proces, ki določa interval ponovnega nanosa 
prevleke. 
 Pokazali smo, da lahko površino pigmentnih nanodelcev z visoko sončno 
absorpcijo funkcionaliziramo z molekulami POSS z uporabo katalizatorja za 
odpiranje epoksi obroča, kot je N, N-dimetilbenzilamin. Ker so molekule 
POSS kemično vezane na površino, zaščitijo pigmentne delce pred difuzijo in 
degradacijo, izboljšajo stabilnost optičnih lastnosti in omogočijo boljšo 
interakcijo z vezivom in substratom, kar zviša kvaliteto visokotemperaturno 
obstojnih prevlek. 
 Tanki Al2O3 filmi so lahko učinkovite zaščitne prevleke pred oksidacijo za 
kovinske zlitine kot je Inkonel 617 pri temperaturi 700 °C na zraku več kot 
1000 ur, pri čemer ohranjajo nizko termično emisijo pod 25%.  
 Rezultati so pokazali, da se uporaba Langmuir-Blodgett tehnike za nanašanje 
gostega monomolekularnega sloja POSS molekul lahko uporablja tudi za 
visokotemperaturno protikorozijsko zaščito sprejemnikov sončne energije, 
kjer je debelina zelo pomemben dejavnik z vidika optičnih lastnosti. Že nekaj 
nanometrov debela plast izboljša korozijsko odpornost Inkonela 617. 
 Lasersko utrjene prevleke imajo izboljšano termično stabilnost v primerjavi s 
konvencionalno utrjenimi prevlekami. S tem zadržijo visoko αS, nizko εT in 
posledično visoko učinkovitost CSP sprejemnika. Lasersko utrjena prevleka v 
kombinaciji z vrhnjim nanosom 1.7 μm debele plasti HSA prevleke ima 
visokotemperaturno stabilnost in spektralno selektivne lastnosti, primerne za 
učinkovite CSP sprejemnike. 
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 Sintetizirali smo 2D material borofen iz ene plasti B atomov in ga uporabili 
kot pigment za visokotemperaturno stabilno HSA prevleko. Rezultati optične 
karakterizacije prevleke so pokazali visoko sončno absorpcijo 94,3% po 
termičnem staranju. Termično emisijo, ki je znašala 91,1%, bi lahko znižali s 
prevleko na substratu, ki ima visoko IR refleksijo, kot je na primer lasersko 
sintrana Al2O3.  
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10.  Appendix 
Table A1. Solar absorptance values of the Figure 35. 
Time (h) Solar absorptance (/) 
 
NAY KI B444+Al B444+Fe B444+Cr B444+Ni B444+Mo 
6 0.968 0.957 0.957 0.965 0.954 0.952 
312 0.962 0.966 0.959 0.952 0.948 0.930 
485 0.960 0.961 0.958 0.952 0.950 0.929 
653 0.958 0.961 0.956 0.952 0.948 0.928 
821 0.959 0.961 0.955 0.953 0.950 0.930 
1006 0.957 0.961 0.955 0.952 0.949 0.929 
1186 0.955 0.961 0.951 0.952 0.949 0.929 
1300 0.955 0.961 0.953 0.952 0.949 0.929 
 
 
Table A2. Thermal emittance values of the Figure 36. 
Time (h) Thermal emittance (/) 
 
NAY KI B444+Al B444+Fe B444+Cr B444+Ni B444+Mo 
6 0.949 0.893 0.876 0.856 0.870 0.867 
312 0.959 0.917 0.914 0.897 0.908 0.907 
485 0.959 0.916 0.912 0.895 0.910 0.906 
653 0.960 0.909 0.909 0.897 0.909 0.904 
821 0.960 0.915 0.914 0.891 0.908 0.904 
1006 0.962 0.916 0.914 0.896 0.909 0.907 
1186 0.960 0.918 0.912 0.891 0.911 0.907 
1300 0.961 0.916 0.916 0.896 0.910 0.907 
 
 
 
 
